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Dear Sir: 

I, MAHENDRA S. RAO, M.D., Ph.D., pursuant to 37 C.F.R. § 1.132, declare: 

1 . I received an M.D. (MBBS) degree in Medicine from Bombay University, 
Bombay India and a Ph.D. degree in Medicine from Califomia Institute of Technology in Pasadena, 
California. 

2. I am a Section Chief for the Stem Cell Unit at the Laboratory of Neuroscience, 
at NIA (National Institute on Aging), Triad Technology Center, 333 Cassell Drive, Baltimore, MD 
21224; an Associate Professor of Neurosciences at Johns Hopkins University School of Medicine, 
Baltimore, MD 21224; and an Associate Professor at NCBS, Bangalore, India. 

3. I am a founder of and shareholder in Q Therapeutics, Inc., 615 Arapeen Drive, 
Suite 102, Salt Lake City, Utah 84108, which I understand has an exclusive license under the present 
patent application. 
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4. I am familiar with the subject matter of the present patent application which I 
understand is directed to an enriched or purified preparation of human mitotic oligodendrocyte 
progenitor cells where the cyclic nucleotide phosphodiesterase 2 promoter (i.e. CNP2") is 
transcriptionally active in all cells of the enriched or purified preparation. 

5. I am a co-inventor of U.S. Patent No. 6,361,996 ("'996 Patent"), which I 
understand has been used as a basis for rejecting claims in the above application. I present this 
declaration to demonstrate why the subject matter of the '996 Patent is very different from that of the 
present patent application. 

6. The '996 Patent discloses multipotential neuroepithelial stem cells and lineage- 
restricted astrocyte/oligodendrocyte precursor cells. The astrocyte/oligodendrocyte precursor cells are 
derived from neuroepithelial stem cells, are capable of self-renewal, and can differentiate into 
astrocytes and oligodendrocytes but not neurons. The '996 Patent characterizes these cells as 
" multipotential intermediate precursor cells restricted to glial lineages" (emphasis added)(column 23, 
lines 1-5). Similarly, my paper Rao, et. al., "Glial-Restricted Precursors are Derived From 
Multipotential Neuroepithelial Stem Cells," Devel Biol 188: 48-63 (1997) clearly demonstrates that 
such A2B5+/NCAM cells are capable of generating both astrocytes and oligodendrocytes and do not 
appear committed to the oligodendrocyte lineage. The '996 Patent's astrocyte/oligodendrocyte 
precursor cells are in a less differentiated state than the oligodendrocyte progenitor cells of the present 
patent application and, therefore, are very different from the cells described in this present application. 

7. Differences in the method, time of isolation, and propagation should also be 
noted. The cells in the present application were derived from the adult brain using a promoter reporter 
based strategy where the CNP2 promoter directed expression of green fluorescent protein. On the 
other hand, the astrocyte/oligodendrocyte precursor cells of the '996 Patent were derived from fetal 
and neonatal tissue using cell surface antigen expression and fluorescence based antibody capture. No 
strategy of using CNP2 (a cyctoplasmic marker) expression, a CNP2 promoter, or a related promoter 
reporter strategy is described in the '996 Patent. 

8. The '996 Patent is directed to the enrichment of glial progenitor cells from 
newborn rat brain. Newborns have an abundant population of still-developing oligodendrocyte 
progenitor cells that may constitute a significant fraction of all of the cells in neonatal brain tissue. 
Yakovlev, et. al., "A Stochastic Model of Brain Cell Differentiation in Tissue Culture," J Math Biol, 
37(l):49-60 (1998)( Appendix 1); Bogler et. al., "Measurement of Time in Oligodendrocyte-type-2 
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Astrocyte (0-2A) Progenitors is a Cellular Process Distinct from Differentiation or Division," Dev 
Biol, 162(2):525-38 (1994)( Appendix 2); Raff et. al., "Platelet-derived Growth Factor From 
Astrocytes Drives the Clock That Times Oligodendrocyte Development in Culture." Nature 
333(61 73):562-65 (1988)(Appendix 3) describe cell cycle changes as glial progenitor cells mature. 
They showed that adult cells differ in their cell cycle time and the number of divisions before they will 
become postmitotic. The present patent application discloses this for adult human-derived cells. In 
addition, adult-derived human oligodendrocyte progenitor cells differentiate as oligodendrocytes and 
produce myelin much more quickly than do fetal or neonatal oligodendrocyte progenitor cells. In 
particular, as recently reported in Nunes et al., "Identification and Isolation of Multipotent Neural 
Progenitor Cells from the Subcortical White Matter of the Adult Human Brain, "_//arwre Medicine 
9:239-247 (2003) (Appendix 4) and Windrem et al., "Fetal and Adult Human Oligodendrocyte 
Progenitor Cell Isolates Myelinate the Congenitally Dysmyelinated Brain," Nature Medicine 10:93-97 
(2004) (Appendix 5), adult-derived oligodendrocyte progenitor cells not only myelinate much more 
rapidly than do fetal oligodendrocyte progenitors, but they do so more efficiently, with a higher 
proportion exhibiting effective myelin production, and myelinating a greater number of neuronal 
axons per donor cell than their fetal-derived counterparts. Adult cells are thus fundamentally more 
biased towards generating oligodendrocytes, towards maturing to express myelin proteins, and 
towards myelinating host axons. Moreover, adult cells execute all of these functions, and achieve each 
of these cellular milestones, much more quickly than fetal cells. As a result, they lend themselves to a 
very different set of potential clinical targets than fetal or neonatal-derived progenitors, as recently 
reported in Roy et al., "Progenitor Cells of the Adult Human Subcortical White Matter In: Myelin 
Biology and Disorders, vol. 1 . R. Lazzarini, ed. Elsevier: Amsterdam, pp. 259-287 (2004) (Appendix 
6). The adult oligodendrocyte progenitor cells of the present application are thus fundamentally 
different from the fetal or neonatal-derived astrocyte/oligodendrocyte precursor cells of the '996 
Patent. 

9. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and ftirther that these 
statements were made with the knowledge that willful false statements and the like so made are 
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punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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oUgoJendrocytes. When stimulated lodiv^cbypM^^^ 

drocyte. in "^'^ » as«m^ a «S-intriasic biologic^ clock tha. 

accepted model of »h« P^f jock model originally proposed m 

resides in tteprogeDUorcdlT^e iot^^ ti„ed 

1986 remains as 'lomi<^«t „f ^ „<xnt experi- 

diffcrentiauon in this ceU bneage^ ""r.^ aiotoBV vol 180. 1-21, 1996) are 
mental siudy (Ibairola « al.. D'velop«.ental J ^tiiyiUng 

"•^""'^iSto fyn^TcS^^e ^el makes .t possible to derive 
process with '^''.^l^J\^.^^^ „„n,ber of progenitor ceOs and of 

: Sen.'tlsi tSi^ethod we provide a bio.ogicaUy meaningful .nt.^ 
t^ZTot thclserv«i pattern of oligodend^O tc generation m v^rro and 
its modification in the presence of thyroid hormone. 
Key wonis: Brain cells - Differentiation - Proliferation - Branching 

process 
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1 Introduction 



appear al precisely regulated i^members of the 

in^reLmnumberoverarm.eper»dt^^^ ^^^^^ 

necessiiy begin wlh invesngauon -.o^nv cell In order to obtain 

cell to differentiated (and often of such 

data thHt allow one to develop an "«d«sun4ng oHhe comp 

differentiation process 1" ^eTKy^ Sd be able to examine 
detailed information at a clonal '^vel. Weauy on , distinguish 

„„lup.edones of dividing precu^-c^^^^^^^ l^^^^^ i„ 

between precursor celb ^""^^J^^^'tlrte^^^^^^ 
analysb of these P'"*"** ^i^*!*^ enable visualiz- 

siudL of this nature must P^^^^J^/^,^,^^^^^^ 

tal processes which ""^^'^^.Tlt is possible to obtain the 

One of the few cellular Uom the oHgoden- 

conipletc collecuon <>^^«i«»^-=^„t?„^^^^^^^^ 
drocyte-type-2 astroqrtc (0-2A) P'^Senitor c i 

It i, possible to grow 0-2A PJ^f^^^i^ ."Stag Sch recapitulates 
they divide and generate fli^^f'^^ o ?A proge^or cell division can 
the timing of normal development " ° ^V^* rate glial lineage), and 
be promoted by purified corneal ^ 'hrTbou; b? platelet^erived 

,991; Raff e. al, l«V\t';i>2F ri^si-^rl^^tVs will giierate 

S3oi^tf tSted'S: UfUan expressed by ntany pnr^y 
^t?1v^ Tto hypothesis provided a simple model for the study of tenw 
roli^l^^edS;ntiatL„,butitnow seerns likely that thishypothesuu 

both incorrect aud overly simpbslic. 



SEP 21 2004 17:34 FK ClSll ICISI 



A .,ocha,.ic model of brain -11 dUfcrcatiarion m .i«uc cuUu» 

I„co„uasrtothc above hypoth...Uwa^^^^^ 
of dilfc^miating sym»«ictn«lly J^»™^^, J during which 

undergo a P' i«"°t«^f^e1rrSris reeula^ 
tm,e the probabUity o P^e^ ra,h«^n by «ll-intrinsic biological 

docks (IbaiToln etal., /"^^^^'^j,^ probability that a clone of dividing 
distinguish experuneniaUy oligodendrocyte at an appro- 

extent of »«6°<>«'»''^'''.^"~no tppar^t S between the 

stochastic. For example, there *a3 /^PP^*" j oligodendrocytes to 
number erf oliSfy^^nArocy^ ^^Uy of 

progenitor cells. «'''*P^°8 Jj«t *e ««e^^^^^^^ 

oUgodcndrocytes all '^^'^'^^^'^'^^^'t^M cete the number of 

drocytes first »PP«*'''*/" ^^^^ ^gg ,he proportion of oUgoden- 
oligodendrocytes per colony ranprf from iio 60. u»P »' 

.0 ^f,„Se1S;:«rs1rom experimental data on brain cel. drtferen- 



tiation in vitro. 



2 Experimental |iroceJiif«s 

a density of 'T^.r^^ individual cells. Hates with ceUs in 

culture was scored for the presence oi iiiuivi«u4u -..-.k-t of 

rfum« were discorded and not included m the expcnment. A fixed number ol 
dre^wTrailmly selected and the cen type composition of each done w«^ 
Sed atTffer Jtimes. Cell-type. wxre identified by "^^"f^ 
tv«i were confirmed at the end of each experiment by mimunofluorescence 
uS ^typeSSc antibodies. The design of expenment. with thyro,d 
honnooe was ideatical. 

3 TTie model for oUgodendrocyte gencratiwi culture 

Our model for the stcxAastic mechanism of O-iA progenitor ceU diff^J" 
^ZnTvitro is a multitypc agc^cpcndem branching stoch^uc process. The 
model structure is defined by the following set of assumptiona. 
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A. Y. Yakovtev ct al. 
The process begins wUh a sin^e P;«J«5'» ^/^^^^^^^^^^ 

(ii) At the end of the ""^""^^^^J^^XtLI.^ (dil^^^^ 
daughter progenUor ceUs will. P'ot«5»'^y ^-^'^ ^^e probaMity generat- 

iog function of the cell progeny is speafied as 

where s = s,). The corresponding generating funct.on for type-2 cclU U 
..atis.oHgode„droc>-«it^'^^viJ^^^^^ 

very rare dunng the first 6 ctiys oi ooaw ^ oarameters. The death 
u^c advantage of .his fact JjfS -th time. 

experimental daia by the . ^ j„i^i,j^, „U and its descendants 

(Hi) Thelenglhsofthemuo^c^eof h^^^ nonoegative 

of the same typo '■«*«P*'*^*"' „/J^~e ''W- 
random variables with a common cumulative atsinouu 

?r"ogSuo7<^lU. the only migratory eeUs in the population, do not 

rc,..^. .he evol^lon of age- 

aepUdent branching P--»« ^^i^Xe'^^^^ 

pJ^^rtri^Ts^pal^-.^^^^^^ 

probability generating functions of ^^^ ^^^ fdetaJl^exposition of 
S^en^lm^hoUsofthetheoryofbr^^^ 

these methods can be foi^nd in TfaKovKv an jntrodtice the 

two-dimcntional stochastic process Z(i) = (^.W-ZiW) »^ 
generating function 

*(!,.*) = (*i(t.*).#2('.*». 

with the components 
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A stochMlic mcdel «r bt.in cell dine.eori.rinn ,n ti»ue culture " 

- ri 01 e = (ft l). and Ihe sutnmaiion in (4) is over the set of aU 
where c. = (1.0), J^'^ . coordinates. With /i. W and h,[s) given 
points >n with ' Ir, ,\ catisfv the following equations 

by (1) and (2), the generaiuig functions ♦(i. 5) satisiy me loi. e m 

+ (l-p)r#.U-«.*)''FW' 

Jo 

o - 1 in (5^ it is easy to derive equations for the 

^r^ond^.^ 

^, (I. z) = z[l - F(0] + (1 - rtfW + P J.'J^' - '^'^^^"^ (6) 
<)>2(t,r)= 1 . 

in a similar manner, for = ♦.(r. 1.^) and ^,(^ ^) - 1. r) we 

obtain 

^.(r, r) « 1 - f (0 - P - * - '"'^^'^ (7) 

UtM!w-'l;(i,l)bctheexpectednun.beroftyi>e-l«^^^ 
(6) it follows that 

(,) = 1 _ F(«) + 2p £ (f - «) («) • 

The expected number of .yp^2 celU is M,(r) - m. U ThiB we sec from (7) 
that 

MM - (I - P)Fil) + 2p 1^ M,(£ - u) JFW . (9) 

The integral equations (8) and (9) can be genenai«d to i^ffTf 

iTath o1C-l ecus (Jager, 1975). Furthennore they ean be solved lo closed 

fonn (see Athreya and Ney. 1972). Introduang the nout.on 

C*°(.)-l. G"(0 = OU). C""'Kt)=j'G*'{t-u)dG(u). 
the solution of (8) is represented as 

SiinilarJy the solution of (9) is given by 

M,0) = (l-rt I(2pri''**-^"(0. (1*) 
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some dUtribuUons of the nutouc <=y"« J""""" dislribution (Yakovlev ct al.. 

1977; Neddman and R"*"""^" ^'jf'; ^L" from the same choice because 
Yaaey. 1989. to name a few). We "a mulristage suucture of the 

tUs parametric family .sq«.teflex.blea^^ ^orin. 1988) 

cell cycte. Some authors proliferation are u«.aUy 

is:r:t^o^"rr1."w"s::ss^ 

'°r;p^'^% is specified -a the gamma distribu.iun with shape 
parameter a and scale parameter p. Then we have 

^ r(a») Jo 

To eoaur. compuUtionaHy ^^h^ of ^^t^^^^^^ 

reasonable to limit possible values of a to the parameter 

and we have 

The timing of oligodendrocyte generation ^J'ilf^^,^^ J^^f^^, « 

fundamentally similar .0 ^^\-^^^'l<>^^J;ZJS^^ "^i"^ ^ 
assume that the population of progemtor «^"'"^f^7„bcritical and we 
,e™. of oor model this '^l'^ J^.'T^s 4^^^^^^^^ (11) implic. 

should limit our consideration to tlie case p ^ 
that M^W is a monotone nondccrcasing function and 

M j(0) = a Hm M ,(t) = J— ^ • 

progenitor CBlb. RecaUing formula (10) we see thai 

M,(0)-1. limM,(t) = 0. d"^ 
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representing ihe series (10) as 

M.(o=Ic2p)-i--(o-£(2.rp*«"-H.> 

«sy «> see that M.W « -^'l^t'lntnS^S 
The behavior of M.W ^Pf"' '° with exacUy one donogsnic cell 
presented in Sect. 4. &nj»eachcoonyt«^ the growth 

at time t - 0 one should cxpeci (.ee nga. ' j, g^rts decreas- 

IvT^or progenitorcelU passes ttajjufih a ^^^^^ ^.j^^j^^ 

ins this is the only pattern ^"'l^.Vr^i^tial incte^ 

Jae,n.ust^8«.cr^^U^-t^^^^^ 
^^^i^tyXo^nttorceUdi^^^^ 

number of unknown P-^^'^^J'^^^.^rnTmitotic cydes. to other word5 
first N cycles and p < 0^ L Lm^ce for differentiation only after it 

Xri^a ^cTSef^f « - - - 

the model by introducing iV "'^.'^ ^^.^a^on of the expressions for 

N initial mitotic cy=»- ^ omit 

M (rt and MjU)pvenbelow because I parauci» 

55:i'So^ mTc) and M,(0 are g.ve„ by 

M,(t) = 2"'(l-P)[i-r2^-* A « 

«»-.*«i-i(^t)»'] nm 
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r-o V - o and 0 < P < 0 5. It immediately follows 
.h^ili.'S sJ-sa«s«« (17) while .M,(0 .he roUow«« 

properties: vf.rt-l"-^- 



4 InfeicMe from expcrimeaUl data 

Equations (i9) and (20) P^o^l^^'^^^l^ZZ^^^^^^^^ 
^te« by ntting J p« colony at different time 

(sampte mean) number of both iyp« «Heei P ^^^^^^ j^,^ 

tnimmization included in the data for i = 72. 96. 120 

Atatimewhenweconductedou^^^sis^ ^ 

B„d 144houni were ava.Uible. '^^ ^efer to 

predictive power of the model. In '^f'^^'^J^^^^ obtained the foUowiug 
Experiment 1. Using the data fP^.^J ' 1 1 3, ^ . 0.107. Thus. 
estSnates of 0,. modd P-»««""=/ " ^ Z mitotic cyde 

the mean, r - -//i, 27-ti;l^rn6.2 C i^^^^^^^^ resultant 
duration are esumatedas f - 28 h ana « 10 ^f oligoden- 

fi, U shown in Fig. 1- The model P^'f^^f Je^^^^i" (jo)^. unfortunately. 

droci-tes lends to a ir^I^LJ ott^tSe addi^ 

testing this prediction car«o.beca^^m.t^^^^^ ^^^^^ 

^r:u;TbibS:/s'^^^^^^^^^^ 

""Str'^ofoligodendrocytegenerationinc^^^^ 

ho,i.:ne(Fi^ 2) re^U«l in Je 'o;'-'«;^«-r ^6^^. Vo^^ hor! 
^ = 0.137. whence wc have f = 21.3 „^ educes the 
monc exerts a twofoW eflect on ^f'^^^^"^, ^^'n increases the 
mean duration of the m.tot« cyde of P"»^™i°' ^ ^, The observed dy- 

probability of their '--^^.^J^^S ^""J'^tS^^ «bese mecha- 
.amicsofaccumulauonofchg^^^^^ 

nisms. It IS seen from Fig 2 that in we p attaining 
size of the PoP"l»»'«» »^°'l8°^«*«ylJs gro^^^ 
amuch lower oonsu.ntlevelof67«top«d.c^b^^^^ 
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time pcrint 

J ^ „. # - as 144 and 192 hours and compared 
Experiment 2. data were r^ordcdaie^^^^^^ 

withthccorrespondmg^^^^^^^^^ ^ear from 

Expemnent 1. These ^'^'T description of Expenmenl 2 

these tables that the m h (Tables 2 and 4). The 

«cepi the mean number ?i ^^'^''^'^J'^''^^^^^ of cell death at this late 
observed duwrepancy can be "I'r*"'^.'* t^f"*. our independent obscrva- 
time which is not incorporated f^^^^^^^^^^i^y « ^^'^ 
lions show, the proportu,n of '^«°^^"'^^^^f^JJ^t Jy contribute 
atro conditions is no mote than 80%. Yet ^^^^^^^^ ^J^^^ which 
to the discrepancy under discussions the inw--e^^^^ 

i, difficult to con.«l "P^ rr'jyi^atih^mean number of 

consuming. One can see from the data ' " 1^^. T thw in Experitncnt 1. 
oligodendrocyes tend, to be sn«.Uer m E*'*"""'^;'^™/^ i„ 
Tht tenden^. nj,y be a^^-^^^^Uon oHhe ^^f, Srporating 
SSrdSToro?^:;^^^^^^^ -.h into the model be«ose the 
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4.00 — 



2.00 — 



aoo 




R. t The dyn«nic behavior of«llpop«lad»s» 



Table I. Mean number of 0-2A progenitor 
from two indcpcndeni cxpeiimem< 



celU iP the absence of ihyrwd hormone. Results 



Time 
(hours) 



Expected 
value 



Sample mean 



Standard error 



Exp. 1 



Exp. 2 



Exp. 1 



48 
72 
96 
120 
144 
192 



2.68 
3.40 
3.54 
3.40 
3-20 
2.79 



?.fi7 
3.44 
3.49 
3.19 



3.4 



2.02 
1.65 



U.20 
0.26 
a37 

a33 



Expl2 
0.24 



0.27 
034 



i,,quanliu.tivecharacl«islics.TheobsBrv^O>««^ postulated 

plausible. 
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A ,.och«uc a«Hlel ol br^n «« diir.«n..a.ion u. u«uc culture 

- .K, .huncc ol thyroid hormone ResulU 
T.bl.l Mean number of oli8od«K.rocvt«.»«bt.h«n»°' ^ ^ 

frin two iadep«iUert«pen^ 




--n. in itm Dresence of thyroid hormone. 
•r.Me 3. M«ia number ol O-M progmio. edb m the proewe 
foiStrfrom two indepe ndent .»P«..nen" 

— 1 imZtT Suiwiard crior 

Expected Sample mean ^ 

value - ' ^ 2 



2.29 



0.19 



48 2.83 - 0.17 

72 2-41 \H - ai4 

OA 1.55 l"*^ 0 19 

li SIS s 

m 0.^'^ . 



T.* 4. Mean n-mber of cU.ode.K^cy t« in .he pr«««. of .h,r».d hormone. .cuU. 

from two indcpeiKJenl eypcnmcnti 

_ ' — — ' [ Standard cnot 

Time Expected jampte mean l_ 

0^°-"> Exp. I EXP. 2 Bxp i K.P-j 



48 0.68 - 0.13 

72 Z-** - 0.19 

96 _ 0.34 

120 

144 

192 6-40 



0.10 



IS at in « °" - 
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Wlien sUmiilatod hy platelet-derived growtk faetor 
(PDGF). oUgodeBdroeyte-type-2 astroeyte (0-2A) progeoi- 
tor» derived from periaftUl rat optic nerves undergo a lim- 
ited number of cell division* before elonally related cells 
«yncbroiiously and tymmetrieally difTerentiate into nondi* 
vtding oligodendroeytes. The duration of this mifcotie period 
Is thought to be controlled by a cell-Intrinsic biological 
clock. Thus, in Ute presence of PDGF, the measurement of 
time by the biological clock is intimately coupled to the con- 
trol of division and differentiation. In contrast, 0-2A pro- 
genitors grown In the presence of PDGF plus basic 0bro- 
blast growth factor (bFCF) divide indefinitely in the ab- 
sence of differentiation and so do not exhibit a limited 
period of division. We have tested whether growth in PDGF 
plus bPGP alten the duration of the limited period of divi- 
sion 0-2A progenitors exhibit in response to PDGF alone. 
Accordingly, 0-2A progenitors were grown in the presence 
of PDGF plus bFGF for varying lengths of Ume, before be- 
ing switched to cot^itlons that promote timed differentia- 
tion <PDGF but not bFGF). Increasing duration of culturo 
in PDGF plus bFGF led to a gradual shortcniog of the pe- 
riod for which G-2A progenitors were subsequently respon- 
sive to PDGF alone» until eventually all cells differentiated 
without dividing after switching. In contrast, a short expo- 
sure to bFGF was not sufficient to cause a similar alteration 
in the pattern of differentiation. These results indicate that 
CK2A progenitora prevented from undergoing timed differ- 
entiation nevorthcieas retain the ability to measure elapsed 
time, impls^ttg that the biological clock in this eel) type can 
be uncoupled from differentiatiott. Purthcrmore, they dem- 
onstrate that the biological clock does not impose an abso- 
lute limit on ths number of divisions that an 0-2A progeni- 
tor can undergo. In contrast with eaciscing hypotheses, our 
observations suggest that the molecalar meehanicnn that 
controls timed differentiation must consist of at least two 
components, with the elock Itself tieing in some manner dis- 



' To whom corrcspoAdence should be addressed at present address: 
Ludwis Institute for Cancer Research, San Dtego Branch, 9500 Gil- 
man Drive, La Jolla, Ca 9Z0d$^06€0. 



tinct from mechanisms that limit cell division and/or di- 
rectly regulate differentiation, o n^immic Ptm. 



INTRODUCTION 

Several observations in a variety of cell typos suggest 
that measurement of elapsed time by cells is closely 
linked to the initiation of terminal differentiation. For 
example, hematopoietic stem cells li^enerate erythroid 
cells which switch from production of fetal hemoglobin 
to adult hemoglobin after the passage of a seemingly 
preprogrammed length of time (Zanjani et oL, 1979; 
Wood et at, 1985). Similarly, the number of divisions a 
fibroblast can undergo before terminally differentiat- 
ing into a senescent cell appears to be preprogrammed 
or limited (reviewed in Goldsteinp 1990). The measure- 
ment of elapsed time also seems to play a major control- 
ling role in the timing of differentiation of glial precur- 
sor cells of the central nervous system (CNS)' into oligo- 
dendrocytes (Abney et oi, 1981; Temple and Raff, 1986; 
Noble et oL, 1988; Raff et aL, 1988; reviewed in Groves et 
al^ 1991, and Noble, 1991). The apparent coupling of the 
measurement of elapsed time to differentiation in these 
systems raises the question of whether these two pro* 
cesses are mechanistically distinct 

UndersUtiding the regulatory tncchantsms that make 
it possible for cells to differentiate according to an in- 
trinsic schedule has been a subject of considerable inter- 
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est. Hypotheses about the nature of cellular timing 
mechanismd are as varied as the terms used to describe 
the phenomenon itself. Thus the terms "biological 
clock," "developmental clock/' ''time-measuring ability 
of cells,'' ''finite mitotic life span/' and other similar 
phrases have been used to describe phenomena in which 
a cell-intrinsic timinGC or measuring system appears to 
control the timing of differentiation. Due to the lack of 
knowledge about what is being measured by biological 
clocks^ we describe this phenomenon as the measure* 
ment of elapsed time (see for example Orgel, ld78). This 
should be taken only as indicating that the pass^e of 
time is associated with the changes in the behavior of 
cells and is not meant to suggest that cells measure time 
in the same way that mechanical clocks do. It has been 
suggested, for example, that "biological time [is] equiva- 
lent to trains of specific physical or chemical events, 
which is a very different concept than that of an intrin- 
sic clock based on sidereal or calendar time" (Finch, 
ld90). In the instances of particular interest here, it is 
clear that the duration of the period to be measured is 
determined at least several (and sometimes many) cell 
divisions before the differentiation event is itself observ- 
able. Most investigations of this phenomenon have been 
carried out on fibroblasts (which enter a nondividing 
senescent state after a limited number of cell divisions) 
and the range of hsTpotheses advanced to explain the 
limited mitotic life span of these cells includes random 
accumulation of cellular damage (Szilard, ldS9; Orgel^ 
1973; Goldstein, 1990), telomere shortening (Harley e( 
qL^ 1990), changes in negative-growth regulatory genes 
(Weinberg, 1993), jtnd progression through agenetic pro- 
gram (Orgel, 1973: Bayreuther et oL, 1988a,b; Goldstein, 
1990). One could equally imagine that timed differentia- 
tion is caused by a steady increase, over a number of cell 
divisions, in the amount of a differentiation-inducing 
activity which determines cellular phenotype only after 
passing a threshold. Alternately, the steady decrease in 
the amount of some activity absolutely required for cell 
division could trigger the timed cessation of division. 

All of the hypothetical mechanisms proposed to ex- 
plain the workings of biological clocks appear to share 
the common feature of predicting that when the mea* 
suring process has been completed, differentiation (and, 
in at least some instances, cessation of division) follows 
necessarily. For example, if the period of division were 
limited by the accumulation of cellular damage or telo- 
mere shortening, then these events could not occur in 
cells stimulated to divide beyond their ''normal" limit, 
for these events should by themselves be sufficient to 
limit cell division. Similarly, if the functioning of the 
biological clock relied simply on the buildup of a tran- 
scription factor to a level required to induce differentia- 
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tion, then accumulation of such a factor should not occur 
in cells prevented from differentiating. 

One experimental system that can be used to analyse 
the relationship among the measurement of elapsed 
time, the cessation of cell division, and the onset of dif- 
ferentiation is the timed differentiation of oligodendro- 
cyte-type-2 astrocyte (0-2A) progenitor cells into oligo- 
dendrocytes. 0-2A progenitors from embryonic rat CNS 
can he cultured in such a manner as to generate the first 
oligodendrocytes at a time equivalent to the day of 
birth, when the first oligodendrocytes appear in vivo 
(Abney et oL, 1981; Raff g£ aL, 1985, 1988). This appropri- 
ately scheduled differentiation in culture requires the 
presence of cortical astrocytes (Raff et al, 1985) or puri- 
fied platelet-derived growth factor (PDGF) (Raff et al, 
1988), an 0-2A progenitor mitogen secreted by cortical 
astrocytes (Noble and Murray, 1984; Noble el al, 1988; 
Richardson ei al, 1988). For example, in the presence of 
PDGF, optic nerve cultures from Embryonic Day 18 
(E18) rats would generate the first oligodendrocytes 
after 3 days in vitro, while cultures from E19 rats would 
do so after 2 days (Raff et al, 1988). That the scheduled 
differentiation of oligodendroc^ytes relied on the ability 
of 0-2A progenitors to measure elapsed time was im- 
plied by the observation that clonally related 0-2A pro- 
genitors generally ceased proliferating and differen- 
tiatod within one division of each other, even if grown in 
separate tissue culture dishes after their first division 
(Temple and Raff, 1986). Synchronous differentiation of 
clonally related 0-2A progenitors is also observed if 
cells are grown in chemically defined medium contain- 
ing PDGF (Noble et al, 1988; Raff el al, 1988). Thus, 
existing observations suggest that the appropriately 
timed generation of oligodendrocytes relies on a cell-in- 
trinsic clock that resides within the 0-2A progenitor 
and measures cell divisions or some other parameter 
(Temple and Raff, 1986). 

In contrast to the behavior of 0-2A progenitors stimu- 
lated to divide with PDGF, the appropriately timed gen- 
eration of oligodendrocytes does not occur if cultures of 
optic nerve cells are grown in the absence of mitogen or 
are treated simultaneously with PDGF and basic fibro- 
blast growth factor (bFGF). In the absence of mitogen, 
0-2A progenitors differentiate rapidly and prematurely 
into oligodendrocytes without dividing (Raif et al, 1983; 
Noble and Murray, 1984; Temple and Raff, 1985). The 
diametrically opposite result is obuined if 0-2A pro- 
genitors are grown in the presence of PDGF plus bPGP, 
a condition in which continuous division of 0-2A pro- 
genitors is maintained In the absence of differentiation 
(Bdgler et al, 1990; Groves ei al, 199S). These latter re- 
sults indicate that 0-2A progenitors are not intrinsi- 
cally limited to a relatively small number of divisions 
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before differentiating. Rather, such a limit represents a 
pattern of division and differentiation observed only 
when ce!\a are grown specifieaUy in the presence of 
PDGP. 

The ability to promote continuous division of 0>2A 
progenitors in the absence of difFerontiation by treat- 
ment with PDGF plus bFGF has offered us the opportu- 
nity to study in more detail the relationship between the 
measurement of time by a biological clock and the onset 
of differentiation and cessation of division. Our data 
show that prolonged exposure to PDGP plus bFGP 
alters the behavior 0-2A progenitors subsequently ex- 
hibit in response to PDGP alone. It is also shown that a 
brief exposure to bPGF, in the continued presence of 
PDGF, did not alter the timing of diiferentiation of 
0-2A progenitors Into oligodendrocytes. These results 
suggest that the measurement of time still occurs under 
eonditions in which division continues indefinitely in 
the absence of differentiation. This implies that the 
measurement of elapsed time can be separated mechan- 
istically from the mechanisms that control the onset of 
differentiation or the cessation of cell division. 

MATERIALS AND METHODS 

Anaiytns qf Small PopulatUms and Clones of Optic Nerve 
CeiU 

Primary optic nerve cultures and purified cortical as- 
trocytes were established as described previously 
(McCarthy and De Vellis, 1980; Kaff et al, 1983; Noble 
and Murray, 1984; Raff et oL, 1985). For the period of 
culture in the presence of PDGF plu^ bPGF optic nerve 
cells were seeded in poly-L-lysEne-coated 25-cm' flasks 
at 200,000 to dOO,OQ0 cells per flask in DlkTEM-BS, a 
chemically defined medium (a modification of the me- 
dium described by Bottenstein and Sato, 1979; B5g!er et 
oLt 1990). Bulk optfc-nerve-cell cultures were given 10 
ng/ml of recombinant human PDGF A-chain homo- 
dimer [Chiron Corporation (a kind gift of Dr, C. George- 
Nascimento) or Promega] and recombinant human 
bFGF (Boehringer-Mannheim or Promega) each day 
and half the medium was changed every other day. Once 
a week the cells were passaged by trypsiniiation in cal- 
cium- and magnesium-free DMEM containing 200 ftg/ 
ml £DTA and 6000 U/ml trypsin, followed by trypsin 
inhibitor (added 1 part in 3.5; 0^2 mg/ml soybean tryp- 
sin Inhibitor, 0.04 mg/ml bovine pancreas DNase^ and 3 
mg/ml BSA fraction V in DMEM; Sfgma). An aliquot of 
cells was removed for analysis at the times indicated 
under the Results section. The remainder of the cells 
were returned to huJk culture as above. 

For analysis of small populations of optic nerve cells 
(Fig. 1), cocultures were esUblished with cortical astro- 



cytes, which produce PDGF (Noble ct oL, 1988) and max- 
imize optic nerve cell viability (Temple and Raff, 1986; 
Raff et al^ 1988; see also Barres et oL, 1992). As the age of 
the cortical astrocyte cultures could conceivably affect 
the behavior of G-2A progenitors (see Lillten and Raff, 
1990, for one such phenomenon), fresh cultures of astro- 
cytes were prepared according to identical schedules for 
each analysis. Astrocyte cultures were equivalent to P21 
at the time that optic nerve cells were plated on them, an 
age when 0-2A progenitor divieion and differentiation 
are still occurring in vivo (Miller et at, 1985), Further- 
more, these astrocyte cultures were made in the same 
way as those used previously to establish that astro- 
cytes make PDGF (Noble et oL, 1988; Raff et al, 1988). 
Monolayers of 20,000 cortical astrocytes per poly-L-ly- 
eine-coated coverslip (Chance Propper No. 1, 13 mm) 
were cultured In 0.5 ml of DMEM containing 10% fetal 
calf serum (DMEM-FCS: Gibco BRL), which was 
changed 2 days later. After 3 days the cultures were 
irradiated with 2000 rads of X ray8» washed once, and 
then fed with 0.5 ml DMEM-BS. One day later 100 ^1 of 
filter-sterilized DMEM-BS conditioned for 48 hr by cor- 
tical as trocy tes (from a flask of the same cortex prepara- 
tion that had not been passaged) was added to each well 
shortly before the optic nerve cells. Five hundred optic 
nerve-derived cells were delivered to the supernatant of 
these cultures in 10 //I- Approximately 50 to 100 cells 
were observed after 1 day on the coverslips covering 
part of the bottom of the well (Fig. 1). Half of the me- 
dium was replaced every other day, and growth factors 
were added daily. 

For analysis of 0-2A progenitor clones (Fig. 2) 1000 
cortical astrocytes were plated in 10 m1 of DMEM-FCS 
per Terasaki microwell and the plates incubated upside 
down for the first 48 hr, so that the astrocytes attached 
predominantly to the sides of the wells. This facilitated 
observation of the optic nerve cells subsequently plated 
into the microwells. These cultures were treated identi- 
cally to those on coverslips described above, except: (a) 
instead of changing the medium after 2 days, 10 fi\ of 
DMEM-FCS was added; (b) they were not washed after 
irradiation before the medium was replaced with 10 ^1 
of DMEM-BS; and (c) no conditioned medium was added 
separately, but the final dilutions of optic nerve cells 
were made in astrocyte-conditioned medium. A variety 
of dilutions of optic nerve-derived cells, designed to de- 
liver between I and 10 cells per 10 ii\ per well, were 
plated into the Terasaki wells. The next day, and every 2 
dsys after that, 10 of the medium was removed and 
the cultures were observed, and 10 DM£M*BS con- 
taining 10 >ig/ral PDGF was replaced. After oligoden- 
drocytic differentiation was judged to be complete on 
the basis of the morphology of visible cells, the cells 
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TABLE 1 

bPGP ATtaCKBS to fHB Matiux Op E19 Omc Nervk Otltures 





EI9 oelb 


ECM 
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grown for flrsi 


incubated 


Indicator c«11» 


GelC* After 4 




24 far in: 


with: 


cultured In: 


days tntntro 


1 






PDGP 


d&O ± 3.2 


2 






PDGP ^ bPGP 


3^ ±0.4 


3 


PDQP 


PDGP 


PDGP 


57.4 ^ %% 


4 


PDGP 


PD6F 


PDGP + bFGP 


5.1 ± 0.8 


5 


bFCF 




PDGP 


4.0 ± 0.4 


6 


bFGP 




PDGF + bPGP 


3.2 ± 0^ 






bPGP 


PDGF 


3.7x0.4 


8 




bFGP 


PDGF + bPGF 


\Z ± 0.6 



Mite. E^cpoaure of El9 optSe nerve eulturee to bFGP either before or 
after lysis results in an extracellular matrix that inhibits tKa differ* 
entiatioo of 0-2A progenitors in conjunction «rith PDGF. £|9 optic 
nerve cultures were grown in the absence of growth factor (rows 1, 2, 
7. and 8) in the presence of PDGF (rows 3 and 4) or in the presence of 
bFGF (rows 5 and 6) before they were lysed by hyposmotic shock. The 
ECM waa then incubated for 24 hr in the absence of growth factor 
(rows 1, 2, 5, and 6) in PDGF (rows 3 and 4) or bPGF (rows 7 and 8) 
before indicator cells derived f^m 7-day-old optic nerve were plated 
onto the BCM sad grown for a farther 4 days in the presence of PDGP 
(odd-numbered rows) or PDGF plus bFCF (even-numbered rows). 
DaU are presented as moans ±. SEM of three fixperinjents. 



were prepared for immunocytochemistry. The time re- 
quired for olieodendrocytic differentiation to appear 
coinplete varied ^jn culture to culture and depended on 
the size of the clones. The smallest clones (Pig. 2C) ap- 
peared to have differentiated after 3 days or less and 
were prepared for immunocytochemistry at that time. 
The largest clones were prepared for immunocytochem- 
istry 10 days after opx^c nerve cells were plated into the 
microwells. Observations made before and after immu^ 
nocytoehemistry were compared, and only if they were 
sufficiently similar so that it appeared beyond reason* 
able doubt that a group of cells was derived from the 
single 0-2A progenitor observed on I>ay 1 was the clone 
allowed into the data set shown in Fig, 2. 

ArudysU Embryonic Optic Nerve CuUurea 
Initial experiments showed that B19 cultures that 



studied. E19 optic nerve cells were plated on coverslips 
and cultured in the absence of factors or in the presence 
of cither PDGP or bFGF (10 ng/ml each) for 24 hr. 
These cultures were then subjected to hyposmotic lysis 
after 24 hr to generate an adherent ceil lysatc which 
consists predominantly of ECM (as in Lillien and Raffp 
1990). Coverslips were then washed once with PBS and 
twice with DMEM-BS, incubated for 24 hr in DMEM- 
BS, or in DMEM-BS containing either PDGP or bFGP 
(20 ng/ml). and washed twice in DMEM-BS. Indicator 
cclb from P7 optic nerve cultures maintained in PDGF 
plus bFGF for 2 days were then plated onto the ECM 
and grown for a further 4 days in the presence of PDGP 
or PDGF plus bPGP (10 ng/ml each) before they were 
prepared for immunocytochemistry. If bPGF was pres- 
ent either before lysis, or after lysis but before the indi- 
cator cells were added, diiferentiation was inhibited as 
much as if bFGP was present after the indicator cells 
were added (Table 1, all indicator cell cultures received 
PDGF). In contrast, if the cultures saw either no growth 
factors before the indicator cells were plated, and then 
only PDGP, or if they saw only PDGF throughout, con- 
siderable differentiation occurred (Table 1). Tlierefore. 
it appears that bPGF became strongly attached to the 
ECM of these cultures and was able to affect the differ- 
entiation of 0-2A progenitors in that attached form. In 
order to be sure to eliminate any bFGF attached to the 
ECM after the first 24 hr of culture, E19 optic nerve 
cultures were established in bulk (as above) and pas- 
saged by trypsinization after 24 hr. Cells were then 
plated on poly-z.-lysine-coated coverslips at a density of 
10,000 cells/coversJip in DMEM-BS, Cultures received 
either PDGF or PDGP plus bFGF throughout, or PDGP 
plus bFGF for the first 24 hr and then PDGF on a daily 
basis, at 10 ng/ml each. Approximately half the DMEM* 
BS was changed every 2 days, and cells were prepared 
for immunocytochemistry at the times indicated. 

PDGF Hecfsptar Anatms 

For the PDGF receptor analysis shown in Figs. 4 and 
5, optic nerve cultures were established in bulk and 
treated as described earlier. Aliquots of cells removed 
for analysis were plated directly onto poIy-L-lyslne- 



were given bFGP only on Day 1 behaved identically to coversJipi at a density of SOOO cells per coverslip. 

those that received bFGF every day over a 10-day pe- ^^^^ cultured for 48 hr in the presence of PDGP or 

riod: no oligodendrocytes appeared (data not shown; all ^^^^ ^S/m\ each) and prepared for im- 

cultures received PDGF every day). One possibility was "*"«ocytochemistry. 



that bPGF was persisting in these cultures due to inter^ 
actions with the extracellular matrix (ECM; for review 
see (^podarowics et oL, 1987; see also Lillien and Raff. 
1990). To investigate this directly, the interaction of 
bPOF with the ECM of E19 optic nerve cultures was 



fmmnnccyiochemisiry 

The antibodies used were monoclonal anti-galacto- 
cerebrosidc Uati-GalC) antibody <Hanscht et oL, 1982) 
and monoclonal antibody A2B5 (Eisenbarth et oL, 1979). 
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Pig. 1. Oilture ia PDGF plus bPGP lead* to a gradual Sncremsc in the proportion of 0-2A progemtort tkat no longer divide in reapotue to 
Ast/P. (A) A sdismaUc repreaentotion of the experimental design. Optic nerve cultures from 7-day-old riu were eetablliihed In buUc for the 
period of culture In PDGF plus bPGP. Ceils were passaged weekly, an aliquot was removed for analyais after 2, 2^ 4* and 6 weeks, and the 
remaininir eells were returned to bulk eulturc. Analysia was x>erformed in eoeulture with cortical astrocytes and eKogenoua POGF (Ast/P). (B) 
The percentage of 0-2A lineage celts that were OalC*^ oligodendrocytes in optic nerve eell/asirooyu coculttiree ie shown graphed against ttme In 
eoeulture. CoculUircs received either PDGF (Ast/P) or PDGF plus bFGF (Ast/PP). Cells vere either derived from POGF plus bPGF-treated 
bulk culture* (solid lines; mean £ SD of three or four coverslipa per point) or were freshly isolated fk-om optk nerve (dashed lines; control cells 
were anatyscd In parallel with each experimental curve and the daU pooled; mean ± SEM). For control calls only, the nunber of oligodentfro- 
cytes found in Ast/PP eulturee on Day 1 waa subtracted from all the oontrol-cell data to allow a direct eompariaon with experimental cultures 
which contained almost no oligodendrocytes at the time of plating. As no new oligodendrocytesi are generated in Ast/PF this number most 
closely resembles the number of oligodendrocytes initially plated. Only half of the error ban are shown for clarity, and if no error ban are 
shown then the SD or SEM was smaller than the radius of the plot symbol. Data Is from one representative experimental series of three. (C) The 
numbers of A2B6*GalC* 0-2A progenitors (black bars), A2B5*GalC'' immature oligodendrocytes (stippled ban), or A2B6*GalC* oligodendro* 
cytes (white bars) in optic nerve ccll/aatrocyte cocultures are shown, graphed against time in eoeulture. Optic nerve eelts were freshly isolated 
(top panels) or had been cultured in PDGF plus bFGF for I week (middle panels) or for 6 weeks (bottom paneto). During the time shown parallel 
cultures received either PDGF only (Ast/P) or PDGP plus bFGF (Ast/PP). None of the cultures showed significant oligodendrocytie differen- 
tiation if cultured in PDGF plus bPGF; the number of oligodendrocytes shown in the right panels is similar to the numbers seen in astrocyte 
cttltur«s to which no optic nerve cells were added. DaU are means ± SD of three or four covcrslips and are part of one representative 
experimental verles of three. 



The A2B5 monoclonal antibody specifically labeb 0-2A 
llneae^e celts in ehese cultures and is an IgM (Raff ei al, 
1988), while anti-GatC, an IgG3, specifically labels oli- 
godendrocytes (Raffef ol, 1978). Fluorescein- and rho- 
damine-conju^ted second-tayer antibodies against 
monoclonal antibodies were from Southern Biotechnol- 
ogy and were used at a dilution of 1:100. Fluorescein- 



conjugated anti-rabbit antibodies were from Hoga 
(USA) and were used at 1:200. Standard immunofluores* 
cence to identify cells of the 0-2A lineage was per- 
formed as described (Raff et a^, 1988; Noble and Murray, 
1984; Bogler et al, 1990). Anti-PDGF receptor immuno- 
fluorescence was done as follows. Cultures were rinsed 
in phosphate-bufTered saline, fixed for 10 min In 4% 
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FIG. 2. Prolonged cukuire f n PDGF plus bPOF l«ads Co a reduction in 
th« sSse of clones derived from indWidoal 0-2A progenitors. A stem 
nnd leaf plot (as in Temple and Raif, 1986) showttig the reduction in 
clone 9iM9 in tbe presence of astrocytes and PDGF, after fiwitcbine 
from culture in PDGF plu< bPGF. Each 'x' or number represents one 
clone. To obtain the number of cetls in a given clone either read the 
number below the ooLunrn in which the *x' is or add the number in the 
^aph (uaits) to the number under the column (tens). For example in 
the upper panel there are three clones of five cells and five clones that 
are between 10 and 20ceILi consisting of 12, 12, 13, 17, and 18 cells. The 
total number of clones analyzed under each condition is indicated. The 
experimental results are from two sei^arate bulk eaiturefi that were 
analyxctf after 1 and 4 weeks of culture in FDGF plus bFGF; data from 
freshly isolated P7 rat optic nerve cultures analyzed in parallel with 
each experiment were pooled. Clones shown in black writing on white 
ground eonststed entirely of GalC* oligodendrocytes; clones shown as 
white writing on black ground contained some A2B5'*' GalC" 0-2A 
progenitom, and these cells always comprised less than s third of the 
toul cells, and typically about 10%. 



parMfotm»}dehyde, and thm exposed sequentiaUy to the 
following in Hepes^baffered Hanks' balanced sale solu- 
tion (Imperial Laboratories) containing 5% newborn 
calf serum and 5% goat serum (both from GibcoBRL): 
25 min AZBS and anti-GalC, 25 min anci-IgG-bio6in, 25 
rain streptavidin-coumsrin (Molecular Probes, Oregon) 
and anti-TgM-flunreacein, 10 min 0A% v/v Triton X-100, 
45 min anti-PDGF receptor antibody (1:500; UBI), two 
5-min washes, SO min anti-rabbit fluorescein, two 5-min 
washes. Cultures were viewed on a Zeiss Axiphot micro- 
scope equipped with phase contrast and epi-uv illumina- 
tion and selective filters for fluorescein, rbodamine, and 
coumarin, 

ImmunapreeipitatUm and Western Blot Analysis 

Cultures of NIH 3T3 mouse fibroblasts^ Rdt-2 fibro- 
blasts, and 0-2A progenitors were harvested before be- 



coming confluent by rinsing in PBS and scraping in 600 
fi\ Ripa buffer (150 mAf NaCl, 1% NP-40, 0.5% DOC, 
0.1% SDS, 50 mM Tris, pH 8.0) containing 0.5 mAf 
PMSF. 0.5 ^ml leupeptin, 0.7 fig/m\ pepstatin, 40 ^g/ 
ml bestatin* and 1 Mg/ml aprotinin. Insoluble material 
was removed by centrifugation, and the supernatant 
wag immunoprecipitated by the. addition of 20 ^1 of R7 
anti-PDGF receptor antiserum (Eriksson et 4iL, 1992) 
and 60 /a1 of protein A-Sepharose CL4B (Pharmacia) 
and incubating on ice for 60 min. The immunoprecipi- 
tate was washed three times in 500 m1 of Ripa buiter, and 
an equal volume of 2X sample buffer waa added. The 
precipitates were boiled, separated on an acrylamide 
gel, and blotted to Immobllon P membrane (method de- 
scribed in Harlowe and Lane, 1988). The immunoblot 
was preblockcd for 4 hr in blotto (5% nonfat dry milk in 
phosphate-buffered saline, 0.02% azide), exposed over- 
night to R7 antibody (l;400), washed extensively and 
exposed to ^^-donkey anti^rabbit antibodies for 1 hr, 
followed by several washes, and exposed to X ray film. 

RESULTS 

0-2 A progenitors dividing and differentiating in the 
presence of cortical astrocytes or PDGF exhibit three 
observable behaviors f^om which the functioning of 
their cell-intrinsic clock can be inferred The first behav- 
ior is the ability of populations of 0-2A progenitors to 
continue to generate new oligodendrocytes for a pro- 
longed period of time, a process that is dependent upon 
ongoing 0-2A progenitor division and differentiation 
(Noble and Murray, 1984; Temple and Raif^ 1986; Noble 
et aL, 1988; Raff et cL, 1988). In contrasjC, if 0-2A progen- 
itors are no longer able to divide, oligodendrocyte num- 
bers rapidly increase initially and then show no further 
change when all the 0-2A progenitors have differen- 
tiated (assuming that the fairly consistent rate of dif- 
ferentiation of Individual cells (e.g^ Raff et at, 1984) is 
itself not changed by the experimental manipulations). 
The second behavior that can be observed is the genera- 
tion of clones of oligodendrocytes derived from a single 
0-2A progenitor. The size of the clone depends on the 
length of the limited period of division elicited by PDGF 
and so reflects the period of time that remained to be 
measured by the founding 0-2A progenitor before dif- 
ferentiation was initiated (Temple and Raff. 1986). The 
third behavior is exhibited by populations of 0-2A pro- 
genitors derived from embryonic optic nerve. Such popu- 
lations give rise to the first oligodendrocytes in vitro at 
a time equivalent to the day of. birth (Noble et <U, 1988; 
Raff et aL, 1988). This last behavior is the measure most 
likely to indicate whether t^e biological clock in 0-2A 
progenitors is functioning appropriately. 
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The effect of preventing differentiation while stimu- 
lating division for varying periods of time has been ex- 
perimentally determined for all three of these behav- 
iors. The cxperimentol design used for the analyses of 
the first two behaviors (experiments reported in Figs. 1 
and 2) was to grow 0-2A progenitors (derived from the 
optic nerves oX 7-d»y-old rats) under conditions that 
prevented differentiation (PDGP plus bFGF) and to 
switch cells after different durations of culture to con- 
ditions that promoted timed differentiation (PDGF but 
not bFGF). The ability of these eells to divide and dif- 
ferentiate was then compared to that of freshly isolated 
control 0-2A progenitors. Accordingly, optic nerve cells 
were established in balk culture and given PDGF plus 
bFGF daily. Cultures were passaged weekly, and ali- 
quots of cells were removed and replated in the presence 
of puriAed cortical astrocytes for analysis (see Fig. 1 A). 
Coculture with cortical astrocytes was used as astro* 
cytes make PDGF and promote timed differentiation of 
0-2A progenitors (Noble et oL, 1988; Richardson et al, 
1988) as well as maximizing 0-2A lineage cell viability 
(Temple and Raff, 198<5; Barres et al, 1992), thereby al- 
lowing the analysis of small populations of cells or even 
individual clones, Astrocyte-optic nerve cocultures re- 
ceived either no additional factors. PDGP, or PDGF 
plus bFGF (referred to as Ast, Ast/P, or Ast/PP, respec* 
tively) and were analyzed by immunocytochemistry 
after 1, 2» 3, 5, and 7 days. As expected from the fact that 
astrocytes make PDGF, we observed no differences be- 
tween cultures that received no additional factors (data 
not shown) and those that received PDGF alone and 
present data only on cells that were switched to Ast/P. 

Populations of freshly isolated 0-2A progenitors cul- 
tured in the presence of PDGF exhibit both 0-2A pro- 
genitor self-renewal by division and oligodendrocyte 
generation by differentiation (Noble and Murray, 1984; 
Noble ei oL, 1988; see also Wren ift oL, 1992). In PDGF- 
treated cultures of optic nerve cells, the extent of 0*2A 
progenitor self-renewal is related to the proportion of 
0-2A progenitors with some time remaining in their lim- 
ited period of division, and so have not undergone timed 
differentiation. The capacity of 0-2A progenitor self re- 
newal to continue for prolonged periods in populations 
of celle ie thought to reflect a heterogeneity in the dura- 
tion of the mitotic period remaining in different clones 
of the starting population (Temple and Raff, 1986). As a 
consequence one cannot measure the timed differentia- 
tion of 0-2A progenitors into oligodendrocytes in post- 
natal optic nerve cultures as a single endpoint. The 
changing numbers of 0-2A progenitors and oligoden- 
drocytes in a population analyzed at various time points 
can be used, however, to give some indication of the 
amount of time that remains to be measured by the 
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Pig. a. Trftnnent exposure to PDGP plus bFGF doea not perturb the 
appcannee of the first oligodendrocytM in ombryonic optic nerve cul- 
tures. Dau shows the pcrcentsige of 0-2A Uneiigs celb that were 
GsIC** oligodendrooytep <top) or the average number of oltgodendro- 
cytes seen per covcnlip (bottom) in cuUures derived from EIS optic 
nerve. The average number of oli^odendrocyces per coversUp at the 
time equivalent to E21/P0 b shown as numbers (PDGr:0.5/PDGP 
plus bPGr.-O/PDGF plus bFGF for first day, then PDGP: 0-36), a« Uie 
bat* are too snaall to be fieeo. Cultures were CAtahliAhed in bulk Cor the 
ftnt 24 hr and then pa&aaged and replated o& coverslips. They re- 
ceived either PDGP throughout, POOP plus bPGP throughout, or 
PDGF plus bFGF for the first S4 hr and then PDGP only. Differentia- 
tion aUto waa analysed hy immuflocytochemistry at 2» 3, 4, and € days 
after dissection, shown at daya equivalent to th vivo. Data are pre- 
Bented as means ± SEM of three cxpcriincnta. 



0-2A progenitors in that population. If, on average, a 
large amount of time remains in the limited period of 
division that precedes timed difTerentiation» then one 
would observe the continuous ^seneration of both 0-2A 
progenitors and oligodendrocytes. In contrast^ if all the 
0-2 A progenitors have completed the measurement of 
time and reached the end of their period of division, they 
would be expected to difFerentiate rapidly into oligoden- 
drocytes and to show little sign of self-renewal. 

Culture ofO-2A Progenitors in PDGF Plus bFGF Leads 
to a Gradual Reduction in the Duration for Which 
They are Sub$eqtienUy MitoticaUy Responwve to 
PDGF Alone 

Analysis of populations of 0-2A progenitors that had 
been switched from culture in PDGP plus bFGF to Ast/ 
P showed a dramatic increase in the proportion of 0-2A 
lineage cells that were oligodendrocytes after the first 3 
days in Ast/P, when compared to freshly isolated 0-2A 
progenitors (Fig. IB). Furthermore, the proportion of 
the starting population that differentiated into oligo- 
dendrocytes during the first B days of culture in Ast/P 
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TABLE 2 

0-2A PKOOsmraieATHATARCNoLoKCEa MironCAjxv RESMNdtvs 
TO PDGF EXPRS88 PDCF RBCBPTOBS 



Time of 
culture in 
PDGF plus 
bFGF 


p6rc«nUc« of 0-2A progeniton that 
w«r« PDGF receptor* 


PDOP 


PDOF + bFGF 


COAlFOl c«lb 


96L1 ;t 1.1 


95.9 ± 1.1 


1 week 


96wO±1.4 


96^ X 0.9 


2 weeks 


* 0.5 


98lO ± 0.7 


4 weeks 


99.6 ± 0.3 


9&7 ± 0.$ 


6 weekfl 


97.9 * 0.8 


9aa * 0.5 



The perc«iiU8« of 0>2A progsnitors th&t were PDGF recep- 
tor* alter various timet of culture In the presence of FDGF plus bFGF 
followed by further 2 <l«y« of culture in PDGF or PDGF plus bPGP. 
For culture id the preaenee of PDGF plus bFGF cells were treated as 
described for the eitperiments shown in Pigs. 1 and 2.' Aliquots of oelU 
were removed after 1. 2. 4» and 6 weeks and replaced at a density of 
3000 ceils per coverslip. They were treated with cither PDGF or PDGF 
plus bFGF and prepared for imnaunocytocbeinistry after 2 days.. They 
were labeled with anti-FDGF receptor antibodies, as well as A2B5 and 
anti-GalC antibodies. The proportion of A2B5^ GalC" 0-2A progeni* 
tors that were also labeled by the aatt-PDGF receptor antibodies is 
shown. DAta is mean s SEM for between 6 and 10 eoversHps from two 
separate experiments. 



correlated well with the duration of prior culture in 
PDGF plus bFGF (Fig. 2B>: the longer ceils had been 
grown in the presence of FDGF plus bFGF the greater 
the proportion of 0-2A lineage cells that differentiated 
into oligodendrocytes after 3 days in Ast/P. Three days 
after switching cells to Ast/P the rate of increase of the 
percentage of oligodendrocytes slowed, either because 
the rate of 0-2A progenitor self-renewal became similar 
to the rate of oligodendrocyte generation (after 1, 2» and 
4 weeks in PDGF plus bFGF) or because there were 
almost no 0-2A progenitors left at this time (after 6 
weeks in PDGF plus bPGF). As expected, all cultures in 
Ast/PP showed little increase in the proportion of 0-2A 
lineage cells Uiat were oligodendrocytes as under these 
conditions 0*2A progenitor division occurred in the ab- 
sence of oligodendrocyte differentiation (Pig. IB), 

Examination of the data shown in Fig. IB in terms of 
cell numbers suggested that after 6 weeks in PDGF plus 
bFGP» no significant amount of 0-2A progenitor divi- 
sion occurred in Ast/P (Fig. IC, bottom left panel showa 
no change in the sum of the bar heights; the culture 
conditions prevent any significant cell death; see Barres 
et oL, 1992). In contrast, freshly Isolated populations of 
0-2A progenitors, or cells switched after X week of cul- 
ture in PDGF plus bFGF, showed a combination of 0'2A 
progenitor self-renewal and oligodendrocyte generation 
in Ast/P (Pig. IC. left panels). The behavior of 0-2A 



progenitors switched to-Ast/P after only L week of cul- 
ture in FDGF plus bFGF was intermediate between 
that of the ceJls grown for 6 Wiseka and freshly isolated 
cells: although some 0-2A progenitor division occurred 
(as indicated by an increase in cell number), a larger 
proportion of cells in the 1 week pre-treated culture be- 
came oligodendrocytes within 3 days than in cultures of 
freshly isolated cells (compare Fig. 10 left panels). As 
expected, all Ast/PF cultures showed 0^2A progenitor 
division and no signiiicant oligodendrocyte generation 
over the time points examined (Fig. IC). 

Cells differentiating from an A2B5^GalC~ 0-2A pro- 
genitor into an A2B5~GalCr oligodendrocyte are tran- 
siently A2B6''GalC\ and the proportion of 0-2A lineage 
cells that occupy this compartment at any given time is 
related to the rate of differentiation of the population as 
a whole. Examination of this A2B5'*'GalC^ compartment 
also shows that pretreatment with PDGF plus bFGF is 
associated with an increase in the number of differen- 
tiating cells seen at early time points (Fig. IC, stippled 
bars). Again, 6 weeks of prior culture in PDGF plus 
bFGF had a more marked effect than 1 week of prior 
culture (Fig. 10, left panels). After 6 weeks in the pres- 
ence of PDGF plus bFGF, very few AZB5*GaIC* cells 
were found in these culture after the 3-day time point 
(Fig. 10). In contrast. A2B5^GalC^ cells were found on 
all days examined In cultures grown in the presence of 
PDGF plus bFGF for 1 week before switching to Ast/P. 
It is interesting to note, however, that significant num- 
bers of such cells were seen in these cultures several 
days before their presence in cultures derived from 
fra^hly isolated cells. Thus, these data also indicate that 
the yield of oligodendrocytes within a given time period 
of growth in Ast/P is increased by prior culture in 
FDGF plus bFGF and further indicate that the rate of 
differentiation itself is probably not altered from the 
figure of 3 days reported in earlier studies (Raff et al, 
1984). 



Culture qf O-SA Ptogenitora in PDGF Plus bFGF Leads 
to a Stepwise Reduction in the Size ttfthe 
Oligodendrocyte CUmes Subsequently Generated in 
Response to PDGF Alone 

Clonal analysis allows direct measurement of the 
number of cell divisions that the founding cell of a done 
and its progeny underwent. In the case of 0-2A progeni- 
tors dividing in response to PDGF, clone size depends on 
the length of the limited mitotic period that precedes 
timed differentiation, assuming that no significant 
amount of cell death occurred (Temple and Raff, 1986). 
Tlierefore, clones derived flrom 0-2A progenitors that 
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A2B5 anti-GalC anti-POGFR 




Pig. 4. 0-2A proecnieors eultared In PDOF phis bPGP for 6 w«ak4 followed by % <Uy« In FDOF eontlnue to exprttss PDGF r«cii{itora. 
Throe-color Immunooy tochemiscnr of opUc nerve cuHures usinff mooodonal A2B5 (vU rhodamiM) uid entl-GfllC (vl« eoumarin) and polyclonal 
»nti-PDGF receptor antibodies (via euar«scein>. Cells were either derived direetly from P7 optk ocrro (A to I) or had under^ons 6 weeks of 
preculture in PDGP p)us bPGP (J to R>. They were cultured for 2 dsys in the presence of PDOP skme (A to P and J to 0) or In the pretence of 
POGF plus bPGF (G to I and P to R). A^'GalC 0-2A progeniton were PDGP meptor* under alt eendltione (A to C; G to L; P to R>. in 
contrast, A2B5'GslC^ oligodendrocytes such at the one indicated by the arrow in B. wers native for the POGF receptor. D to F and M to O 
show A2B5^GalC* immature oligodendrocytes that are PDGFnceptorr In the control cultures that were derived fwm P7, optic nerve cells that 
were PDGP receptor*, but did not label with either A2BS or snti-Gal(X were common (short arrows in I). These cells were probably pial 
meningeal cells. The scale bar in A is 20 lan. 



hsd been grown in PDGF plus bPGP for varying periods 
of time, or had been freshly isolated from optic nerve, 
were analyzed in insuHn containing ooculttire with cor- 
tical astrocytes (Noble et al, 1088; Raff et oL, 1988; 
Barres et at, 1992), following the method of Temple and 
Raff (1986). Cultures were observed the day after optic 
nerve cells were placed in roicroculture and every other 
day after that When oUgodendrocytie differentiation 
was judged to be complete by cell morphology (after 
between 3 and 10 days, depending on how many rounds 
of division occurred) cultures were prepared for immu- 



nocytochemistry to confirm the differentiation state of 
the cells and to faeilitate counting of the cells. 

Clones derived from freshly isolated 0*2 A progeni* 
tors showed a wide range of sizes as expected (Fig. 2A; 
Temple and Raff, 198$). In contrast, after 4 weeks in 
PDGF plus bFGF all of the 38 0-2A progenitors ana- 
lyzed generated clones of 1 oligodendrocyte (Fig. 2C), 
suggesting that these 0-2A progenitors were no longer 
induced to divide by PDGF when grown in single-cell 
microculture. None of the founding cells was seen to 
divide and all differentiated within 3 days of plating 
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Flo. 5. 0-2A progenitors cultured for 7 weeks in PDGF plus bFGF 
eicpresii PDCP-a reetptor. \ntl-PDGF-a receptor Western blot of 
anti-PPCP-iv rfoeptor immutiopredpitates of Jlat-2. NIH 3T3 fibro- 
btastSr and an optic nerve eulture that had been growa for 7 weeks In 
the presence of VDGT plus bFGF. The position of the PDGF-a reeep* 
tor U indicated, and these bands migrated at approximataiy IBO kDa, 



into the microwells. 0*2A progenitors that had been 
first grown for a week in PDGF plus bFGF showed be- 
havior that was intermediate between that of freshly 
isolated cells and cells that had been in the presence of 
PDGF plus bPGF for 4 weelts (Fig. 2B). The largest 
clone derived from freshly isolated cells consisted of 120 
cells, implying that the founder 0-2 A progenitor of this 
clone underwent at least seven divisions. After 1 week in 
PDGF plus bFGF clones of 21 cells or fewer were ob- 
tained, suggesting that 0-2A progenitors underwent a 
maximum of five divisions after switching to Ast/P. It 
should be noted that some of the clones shown in Fig. 2 
contained A2B5'*'GalC^ 0-2A progenitors at the time 
that the cultures were fixed (white letters on black 
baokgroundX These eells had appeared to be oligodcn- 
droc5^tes when they were observed live under the phase* 
contrast microscope as they had a more complex, 
branched morphology than typical bipolar 0-2A pro- 
genitors. As in the course of oligodendrocytic different 
tiation, morphology changes before antigenic phenotype 
(Moble and Murray, 19S4; Raft et al, 19S5; Temple and 
Raff, i986) and is generally associated with a cessation 
of division (Small et oL, 1887; Noble et oL, 1988X it is 
most likely that these cells were at an early stage of 
differentiation. The presence of a few A2B6*GalC' mul- 
tipolar 0-2A progenitors in some clones is consistent 
with previous observations (Temple and Raff, 1986). 

A Short Exposure to bFGF Does Not Alter tfhe Timing qf 
the Appearance of the First Oligodendrocytes in 
PDGF'Treaied M>mbryomc Optic Nerve CtUtures 

Analysis of the behavior of small populations (Pig. X) 
and clones (Pig. 2) suggested that culture in PDGF plus 
bPCP led to a gradual shortening of the period of time 
during which (>*2A progenitors would subsequently di* 
vide in response to Ast/P. One possible explanation is 
that ceils registered the passing of time in the presence 
of PDGF plus bFGF and that exposure to bFGF in the 



presence of PDGF did not prevent the measurement of 
time in cultures of postnatal optic nerve. An alternative 
explanation would be that any exposure to bPGP dra- 
matically increases the yield of oligodendrocytes pro- 
duced within the first few days of subsequent growth in 
Ast/P. To test this possibility we used the sensitive as- 
say for the correct functioning of the clock provided by 
the timed appearance of oligodendro^tes in cultures of 
embryonic orptic nerve. The first oligodendrocytes ap^ 
pear in embryonic optic nerve cultures treated with 
PDGF at a time equivalent to birth, and invariably do so 
within a 2d*hr window (Raff et al, 1988). Therefore, we 
exposed embryonic optic nerve cultures transiently to 
bFGF (in the continued presence of PDGF) and fol- 
lowed the appearance of oligodendrocytes. 
. Transient exposure to bFGF in the continued pres- 
ence of PDGF did not alter the time of appearance of the 
first oligodendrocytes in embryonic optic nerve cultures 
from that observed in control cultures that received 
PDGF throughout the experiment (Fig. 3). However, 
slightly fewer oligodendrocytes appeared over the 
course of the experiment in cultures that transiently 
received bFGF, both in terms of cell numbers and pru- 
portion of 0-2A lineage cells. This raises the possibility 
that short*term exposure to bPGF increased the num- 
ber of divisions that some clones of cells underwent, as 
has been suggested by others (McKinnon ei oL, 1990). 
Cells that received either PDGF or PDGF plus bPGF 
throughout behaved as expected from previous studies: 
in PDGF alone the first oligodendrocytes were gener* 
ated after 2 days (Pig. 3; Raff etoL, 1988)> while in PDGF 
plus bPGP no oligodendrocytes were generated (Fig. 3; 
Bttgler et aL, 1990). 

Propenttors That Are Mito^ically (Mresponsive to 
PDGF Continue to Express PDGF-a Peoeptars 

One possible explanation for the observation that 
prolonged culture in the presence of PDGF plus bFGF 
led to an inability of some or all 0-2A progenitors to 
subsequently respond to Ast/P is that the levels of 
PDGP-of receptor declined. In order to investigate this 
possibility, we asked whether long-term cultures of 
0-2A progenitors grown in the presence of PDGF and 
bPGF continued to express PDGF-a receptors. V/e also 
tested whether 0-2A progenitor^ grown for various pe- 
riods of time in PDGF plus bPGP and then switched to 
the presence of PDGF alone for 2 days expressed PDGF- 
Of receptors. Bulk optic nerve cultures derived from P7 
optic nerve were established as for previous expori- 
ments. Cells were removed from PDGF plus bPGP after 
1. 2, 4, and 6 weeks and analysed by PDGF receptor 
immunoeytochemistry after a further Z days, either in 
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the presence of PDGP plus bFGF or in PDGF alone (Ta- 
bic 2 and Fig. 4). This time point was chosen as it repre- 
sents a compromise between allowing the maximum 
time for the levels of receptor to decline if it were no 
longer being synthesized and retaining enough 
A2B5*GalG~ 0-2A progenitors present in all the cul- 
turefi to be able to analyze a reasonably sized population 
of cells. 

Greater than 95% of A2B5^GalC* 0-2A progenitors 
showed a clear reaction with anti-PDGF receptor anti- 
bodies in all cnltures examined, suggesting that they 
expressed PDQF-a receptor (Table 2 and Fig. 4) despite 
being refractory to the mitogenic effects of PDGF. In 
contrast, A2B5' GalC*" oligodendrocytes were not la- 
beled by the anti-PDGF receptor antibodies in any cul- 
tures (Fig. 4A to 4C). In both the control and experimen- 
tal populations that received only PDGF. A2BS^ GalG^ 
immature oligodendrocytes fchat were also PDGF recep- 
tor'*' were seen* suggesting that at least in some cases 
PDGF*a receptor levels did not decline until after dif- 
ferentiation was already in progress. 

The cells that remained from the bulk culture of one 
of the above experiments after 6 weeks were returned to 
culture in the presence of PDGP plus bFGF for a further 
7 days before being harvested for analysts by immuno- 
precipitation and Western blotting with an antiserum 
specific for the PDCF-a receptor (Eriksson et cL, 19d2). 
As can be seen in Fig. 5 this optic nerve culture, which 
contained almost only 0-2A progenitors, expressed lev- 
els of PDGF-a receptor similar to NIH 3T3 or Rat-2 
fibroblasts. 

OXSCUSSION 

When grown in the presence of PDGF, 0-2A progeni- 
tors derived from optic nerves of perinatal rata undergo 
a limited period of division, at the end of which they 
switch from division to difTerentiation. the duration of 
this period of division is thought to be regulated by a 
cell-intrinsiedoek. We examined whether 0-2A progen* 
itor behavior changed with elapsed time when cells were 
grown for varying periods of time under conditions that 
stimulate division and prevent differentiation. It was 
found that 0-2A progenitors grown in the presence of 
PDGF plus bFGF, which together prevent differentia- 
tion, gradually became refractory to the mitogenic ef- 
fect of subsequent culture in Ast/P in the absence of 
bFGF. The longer the period in PDGF plus bFGF, the 
greater the proportion of 0-2A progenitors that differ- 
entiated without dividing after having been switched to 
Ast/P. Eventually, after 6 weeks in PDGP plus bFGF, 
almost all the 0-2A progenitors differenUated without 
dividing in Ast/P, In addition, 0-2A progenitors precul- 



tured in PDGF plus bFGF gave rise to smaller clones of 
oligodendrocytes, after switching to single cell culture 
in Ast/P, than did freshly isolated cells grown in paral- 
lel single cell microculture. After 1 week in PDGF plus 
bFGF the maximum clone slse observed after switching 
to Ast/P was 21 cells compared to 120 cells seen in the 
largest clone derived from freshly isolated 0-2A pro- 
genitors. Exposure to both mitogens for 4 weeks was 
sufficient to produce a population of 0-2A progenitors 
that no longer divided after switching to Ast/P in single 
cell microculture. In contrast, a short exposure to PDGF 
plus bFGF did not result in any similar shortening of 
the period of division of 0-2A progenitors afcer switch- 
ing to PDGF alone. 

We suggest that the simplest explanation of our re- 
sults is that 0-2A progenitors cultured in the presence 
of PDGF plus bFGF measure time and retain a memory 
of the fact that they have exceeded the number of divi- 
sions that they would normally undergo in the presence 
of PDGF alone. While it appears that this continued 
functioning of the biological clock was able to bring cells 
to the brink of differentiation, it was not sufficient to 
cause a cessation of cell division or to induce differen- 
tiation. These results represent an extension of previous 
studies of this phenomenon, in that the measurement of 
time by G-2A progenitors had previously only been ob- 
served as the timed switching of cells from a program of 
self-renewal by division to a program of differentiation, 
in the presence of PDGF (Noble and Murray. 1984; Tem- 
ple and Raff, 1986; Noble et aL, 198* Raff et oL, 1988). 
From these studies It was not possible to determine 
whether the clock is part of the mechanisms that regu- 
late cell division and differentiation or is separate from 
them. The demonstration that the measurement of time 
apparently occurs under conditions where division con- 
tinues in the absence of differentiation allows us to ex- 
amine this issue. 

Predictions about the behavior of the clock under con- 
ditions in which cells divide but do not differentiate 
differ depending on whether it is a separate and indepen- 
dent mechanism. If the clock were an integral part of 
either the cell division or differentiation machinery, it 
would follow that the clock would be inoperative under 
the growth conditions we examined. In detail, if the 
clock worked by limiting the number of cell divisions, 
for example by the loss of an activity required for execu- 
tion of the cell cycle, then conditions under which this 
limit is removed would prevent the measiurement of 
time. Similarly, if the clock operated by inducing differ- 
entiation after a set period of time, conditions which 
prevent differentiation would destroy the coirs ability 
to measure time. Our observations appear to rule out 
both of these groups of potential mechanisms, as our 
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daU suggest that the measurement of time is ongoing PDGF) for 1 week or longer leads to a reduction in the 
under conditions that induce continued proliferation in subsequent period of division in response to PDGF, sug- 
the absence of differentiation. Instead, we would sug- gesting that exposure to bPGF does not inevitably lead 
gest that our results are more consistent with the hy- to an extension in the clock. 

pothesis that the measurement of time is performed by Another possible explanation for the discrepancy be- 
a separate cellular mechanism that can interact with tween our results and those of Temple and Raff (IdM) is 
the mechanisms controlling division and/or differentia- that the experimental conditions under which the mea- 
lion, yet is distinct from these mechanisms. surement of time is examined can affect the result. 

It should be noted that our experiments do not ad- When we analyzed individual 0-2A progenitors as op- 
dress the questions of whether cell division is required posed to small populations, we observed that a shorter 
for the functioning of the clock or whether it is the num- period of previous culture in PDGF plus bFGP resulted 
ber of cell divisions that are being counted. In order to in the complete absence of division: for small population 
examine these issues it would be necessary to analyze analysis6 weeks was required, while for single cell anaK 
the ability of cells to measure elapsed time in the ab- ysis only 4 weeks sufficed (compare Figs. 1 and 2). This 
sence of cell division. Therefore, while our hypothesis would suggest that any measure of the length of the 
states that the clock is separate from the cell division PDGF responsive period derived from observations in 
machinery (i.e., does not function by imposing an irrevo- single cell mieroculture may lead to an underestimate 
cable limit on the number of cell divisions), it does not when compared to experiments using small populations, 
state that the clock does not require cell division to It is not clear whether these differences arc due to inter* 
function. actions between 0-2A progenitors, changes in the ratio 

Previous analysis of 0-2A progenitors in single cell of astrocytes to optic nerve cq\U, or other faetors. 
culture has led to the estimate that a maximum of eight 0-2A progenitors that differentiate under the control 
rounds of cell division occur in response to stimulation of the clock lose the ability to divide in response to 
by purified astrocytes (Temple and Raff, 1986), which PDGF before any overt phenotypic changes occur (Tern- 
appear to exert their mitogenic effecU through PDGF pie and Raff, ld86; Noble et oL, 1088; Raff e^ ol, ld88). 
(Noble ec cU., 1988; Haff et al, 1988; Richardson oL, Oligodendrocytes are however not truly postmitotic as 
1988). This estimate is at odds with our finding that they retain the ability to divide in response Co bFGF for 
growth for between 4 and 6 weeks in PDGF plus hFGF is a period of time in culture (Eedeston and Silberherg, 
required for 0-2A progenitors to reach the point at 1985; Saneto and De Vellls, 1985; Noble et al, 1988; 
which they are unresponsive to Ast/P (Figs. 1 and 2). Bugler et oL, 1990; Mayer et al, 1993). It has, therefore, 
0-2A progenitors grown in PDGF, or in PDGF plus appeared probable that a key event in triggering timed 
bFGF , appear to have similar cell cycle times of approxi- differentiation in 0-2 A progenitors is the selective loss 
mately 20 hr (Noble et aL, 1988; Bogler et oL, 1990). At of mitotic responsiveness to PDOF. This has seemed un- 
such a rate of division, at least 28 divisions (4 weeks; see likely to be due to a loss of PDGF receptors, as at least 
Fig. 2) would be required to exhaust the measurement of 60^ of newly formed oligodendrocytes express detect- 
time in the presence of PDGF plus bFGF. able leveb of PDGP receptors (Hart et oL, 1989b). Pur- 

One explanation for this difference between our ob- thermore, the PDGP receptors on immature oligoden- 
servations and those of Temple and Raff (1986) would be droeytes are able to transmit signals: PDGF is capable 
that exposure to bFGF alters the clock by extending the of Inducing a rise in intracellular calcium (Hart et oL, 
period of time to be measured. This possibility has been 1989a) as well as the expressi<m of the proto-oncogenes 
raised in the context of a model for the clock whereby c-fos and c-jun (HarteeoiL, 1992). In addition, PDGF can 
the measurement of time is ascribed to a reduction in transiently act as a survival factor for oligodendrocytes 
the level of PDGP-a receptors, in a study where it was (Barres et oL, 1992) and elevate protein levels of the 
observed that bFGF could up-regulate the amount of transcription factor S(JIP/Tst-l/0ct-6 in immature oli- 
PDGF*a receptor expressed by 0-2A progenitors godendrocytcs (O. B8gler, A. Entwistle, R. Kubn, G 
(McKinnon et al, 1990). This possibility would not be Lemke, and M. Noble, unpublished observation). Our ob- 
inoonsistent with our observation that a short exposure servation that 0-2A progenitors that have become re- 
of embryonic optic nerve-derived 0-2A progenitors to fractory to the mitogenie effect of PDGF after pro- 
bFGF was associated with a slower production of oligo- longed culture In PDGF plus bFGF, but continue to ex- 
dendroeyte8,although the time of their first appearance press easily detectable levels of PDGF receptor is 
was not changed (Pig. 3). However, other daU from our therefore in agreement with the work of others. The 
study show that exposure to bFGF (in the presence of possibility that changes too subtle to be discerned with 
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either anti-PDGP receptor antibodies (this study) or ra- 
diolabeled PDGF (Hart et oL, 1989b> underlie timed dif- 
ferentiation cannot^ however, be excluded at present. 

Recent studies conducted on fibroblast populations 
suggest that the type of phenomenon we have observed 
is not restricted to 0-2A progenitor cells. These experi- 
ments have been performed on fibroblast popnUtions 
derived from H-2K.^-t3A58 transgenic mice (Jat et aL, 
1991), which can be induced to express the immortaliz* 
ing ts A58 mutant of SV40 large T antigen immediately 
after dissection by growth of cells in the presence of 
interferon at 33^C. Thus, these cells can be exposed to a 
stimulus that allows them to continue dividing beyond 
their normal limited mitotic life span from the begin- 
ning of their in vitro growth, in analogy with the expo- 
sure of 0-2A progenitors to PDGF plus bFGF. Fibro- 
blasts derived from H-2K^-tsA58 transgenic mice are 
only conditionally immortal, in that switch to growth in 
interferon-free medium at dd.S^C turns off function of 
the large T antigen, again in analogy with the switch of 
0-2A progenitors from growth in PDGF pltis bFGF to 
growth in Ast/P. It was shown previously that inactiva* 
tion of a conditional immortalizing stimulus in long- 
term rodent fibroblast cultures was associated with the 
cessation of growth and an accumulation of cells in the 
Gl and G2/M phases of the cell cycle, suggesting that 
the removal of active large T antigen led to the recapitu- 
lation of senescence (Grove and Cristofalo, 1977; Jat and 
Sharp, 1989). The more recent studies on fibroblasts de- 
rived from H-2K^-t8A58 transgenic mice have indicated 
that in these cells the normal mitotic life span is mea- 
sured despite the presence of large T antigen. Thus, cells 
switched to nonpermissl ve condi tiooa after various num- 
bers of passages under immortalizing conditions have a 
shorter remaining mitotic life span than control cells, 
with the extent of remaining mitotic life span being re- 
lated directly to the length of time the cells were first 
grown under immortalising conditions. Moreover, cells 
switched after the normal mitotic life span has elapsed 
rapidly cease cell division and become senescent (Ikram 
€t al, in press). These results suggest that cells pre- 
vented from undergoing senescence by the presence of 
an immortalising oncogene retain cellular memory of 
having passed the number of cell divisions after which 
th^ would have ordinarily senesced, implying that the 
mechanism that regulates the onset of senescence mea- 
sures time In the presence of an oncogene. The timing 
mechanisms that regulate senescence and oligodendro- 
cyte differentiation therefore appear to be at least su- 
perficially similar in that they remain active when not 
being able to regulate the onset of the processes they 
normally control. The extent to which such processes 
are indeed controlled by similar mechanisms will only 



be established when the molecular basis of timed differ- 
entiation is understood. 

We suggest that the data we have presented establish 
that the biological clock of 0-2A progenitor cells is an 
autonomous mechanism distinct from the mechanisms 
which allow cell division or promote cell-type-specific 
differentiation. An elucidation of the molecular nature 
of the clock may be facilitated by the ability to generate 
cells which are no longer able to measure time, for exam- 
ple }as prolonged culture of 02A progenitors in PDGF 
plus bFGF or rodent fibroblasts harboring a tempera- 
ture-sensitive SV40 large T antigen. Such celts could be 
used as targets for attempts to reconstitute the measure- 
ment of time and so may lead to the identification of the 
molecules involved. 
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Table 3 Anti-PDGF antibodies block response of 0-2A progenitors to 
type-1 astrocytes and PDGF, but not to FGF 



Radiolabelled progeniiois (%) 
No anti-PDGF Plus anti-PDGF 



ACM 

PDGF, 5 ng/ml 
FGF, 5 ng/ml 



63+4.2% 
69+3.7% 
40+4.2% 



<1% 
<l% 
44.5 + 2.5% 



Cells were grown as in Table I. Cultures received either the indicted 
mitogen, or mitogen plus 50 ^g of rabbit anti-PDGF antiserum (purified 
Ig fraction, a kind gift of C. Heldin). When antibody was added, the 
ACM or non-conditioned medium with mitogen was preincubated with 
antibody for at least 1 h before addition to the cells. Cells were labelled 
with ['H)-lhymidine, immunolabelled, processed for autoradiography 
and scored as in Table 2. 



the medium contained PDGF (data not shown). Thus, PDGF 
neither inhibited nor induced differentiation of 0-2A progenitor 
cells into type-2 astrocytes, nor did it preclude differentiation 
of 0-2A progenitor cells into oligodendrocytes. In these respects 
also, the effects of PDGF were identical to the effects of type-1 
astro^es. 

To determine whether the effects of type-1 astrocytes were 
mediated by PDGF, we treated ACM, or medium containing 
PDGF or fibroblast growth factor (FGF) with affinity-purified 
anti-PDGF antibody. (As will be discussed elsewhere, FGF is 
also a mitogen for 0-2A lineage cells, but does not mimic the 
effects of type-1 astrocytes on motility and differentiation.) These 
antibodies blocked the effects of ACM and PDGF, but did not 
block FGF-induced DNA synthesis in 0-2A progenitors (Table 
3), indicating that blocking was not due to toxic effects of the 
antibody. 

Type-1 astrocytes also support the appropriately timed 
differentiation of embryonic 0-2A progenitors grown in t»/fo*. 
As discussed in the accompanying paper', astrocyte-denved 
PDGF seems to play a key role in this effect and is by iUelf 
sufficient to promote the synchronous differentiation of clonally 
related and dividing progenitor cell families. Thus, in these 
respects also, PDGF completely mimics the effects of type-1 
astrocytes. 

The ability of a single molecule to replace type-1 astrocytes 
in modulating 0*2A progenitor development in vitro suggests 
that these cells have a complex and constitutive behavioural 
phenotype, controlled by processes internal to the progenitors 
themselves. Progenitors stimulated to divide by an appropriate 
mitogen appear to be intrinsically migratory cells, with a bipolar 
morphology, which cease migration upon differentiating into 
multipolar oligodendrocytes^ this differentiation seems to be 
controlled, at least in part, by internal clocks which may function 
by counting cell divisions. This programme does not, however, 
include astrocyte differentiation, which requires a separate 
inducing factor'^ 

The observations that PDGF induced DNA synthesis at 
picomolar concentrations, the identical effects of PDGF and 
type-1 astrocytes on the division, differentiation and motility of 
0-2A progenitors and the ability of anti-PDGF antibodies to 
block the activity of astrocyte-conditioned medium all indicate 
that the astrocyte activity is a PDGF-like substance. In addition, 
messenger RNA for PDGF has been identified in puri&ed astro- 
ctyes and these ceils have been found to secrete PDGF in vitro^'' 
(W. Richardson, N. Pringle, M. Moseiey, B. Westermark, &. M. 
Dubois-Dalcq, manuscript submitted). Together, our studies 
indicate that PDGF may play an important role in gliogenesis 
in the CNS. 

The ability of PDGF to promote division and migration of 
0-2A progenitor cells may be of particular interest in light of 
observations that PDGF can act as a chemotactic agent During 
embryogenests, 0-2A progenitors appear to populate the optic 



nerve by migrating from a germinal zone in or near the optic 
chiasm along the nerve towards the eye*. This directional migra- 
tion could be due to movement along a gradient of a chemotactic 
substance, such as PDGF. In the aduh animal, the ability of 
cells in a lesion site to secrete compounds which promote 0-2A 
progenitor migration and division could be of value in the repair 
of demyelinating damage in the CNS. The controlled application 
of PDGF, or other chemouctic mitogens, might enhance these 
repair processes. 
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The miouB cell types la a multicelhilar aniraal diffo'entiate on a 
predictable schedalc bat the mechanisms responsible for timing 
cell differeatiation are largely uaknowa. We hare studied a popaia- 
tioB of bipotoitial glial (0-2A) progenitor ceils in the developing 
rat optic nerve' tluit gives rise to oligodendrocytes beginning at 
birth and to type>2 astrocytes' beginniag in the second postnatal 
week'. Whereas, in oloo, tliese Q-2A progenitor cells proliferate 
and give rise to postimltotiG ollgodeadrocytes over several weehs^, 
in seram-f ree (or toa^-semm) cnltnre th^ stop dividing prematareK 
aad differentiate Into oligodmlrocytes within two or tliree days* . 
The Bormal timing of oligodendrocyte development can be restored 
if embryonic optic-nerve cells are cultored ia mcdiiun conditlOBed 
hf tyn^l astrocytes', the first glial cells to differentiate ta the 
nenner: In this case the progenitor oells contfame to proliferate, 
tile first oligodendrocytes appear on the eqoivaleat of the day of 
birth, and new oligodendrocytes contlttiie to develop over several 
weeks, jnst as im vivo''. Here we show that platelet-derived growth 
factor (PDGF) can replace type^l-astrocytc^coaditioned mcdiam 
in restoring the normal timing of oligodendrocyte differentution 
in itttwo and that aatl-PDGF antibodies Inhibit this property of 
the appropriately conditioned madlnm. Wa also show that PDGF 
Is present in tlie developing optic nerve. These findings suggest 
that type-l-astrocyte-derlved PDGF drives the clock that times 
oligodendrocyte development. 
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Tible I Effect of PDGF on 0-2A progenilor-ceU proliferation and 
differentiation into oligodendrocytes in vitro 



Age of 
optic 
neive 


PDGF 
(ngml-) 


Days in 
culture 


Number of 

0-2A 
progenitor 
cells 


Number of 

oligo- 
dendrocytes 


E17 
E17 
Ei7 
E17 
E17 


0 
0 
2 
2 
2 


2 
3 
2 
3 
4 


8±5 
5*3 

51i:8 

U7±21 
214±38 


15±7 
19 ±8 

0 

0 
4±2 


E18 
E18 
£18 


0 
2 
2 


2 
2 
3 


8±3 
135 ±17 
317±4S 


55 ±7 
0 

10±4 


E19 
E19 
E19 


0 
2 
2 


1 
1 
2 


14±2 
120 ±9 
199±28 


70±4 
0 

2±t 


E18 
£18 
E18 
£18 


2 
2 
10 
10 


2 
3 
2 
3 


148 ±13 
287 ±23 

i33±n 

278 ±37 


0 

12±6 

0 
8±4 



Optic nerves from embryonic S/D rats were dissociated into single 
cells and cultured on poly-D-lysine (PDL)-coated glass covcrsUps (about 
30.000 cells per coversltp) in Dulbecco's modiaed Eagle's medium 
(DMEM) supplemented with glucose, insulin, transferrin, bovine serum 
albumin, progesterone, putresdne, thyronine, tri-idodothyromne and 
0.5% PCS' as described^ Purified human PDGF (R and D Systems, 
Inc.) was added at the start of the culture. After 1-4 days, the cells were 
fixed in 4% paraformaldehyde in phosphate-buffered saline (pH 7.5) 
for 5 min at room temperature and stained successively with monoclonal 
anti-galactoccrebroside (GC) antibody" (ascites fluid diluted 1:1000), 
fluorescein-coupled goat anti-mouse IgG3 (G anti-IgG3-FI, Nordic, 
diluted 1:100), A2B5 monoclonal antibody'** (ascites fluid diluted 1 : 100) 
and finally rhodamine-coupled goat anti-mouse Ig (G anti-Mlg-Rd, 
Cappel. diluted 1 : 100); the cells were then post-lixed in acid-alcohol, 
mounted in glycerol and examined in a Zeiss Universal fluorescence 
microscope, as described^. 0-2A progenitor cells were identified by their 
antigenic phenotype (A2B5*. GC")' " and characteristic process- 
bearing morphology^^, while oligodendrocytes were identified as GC 
process-bearing cells". The total numbers of these cells were counted 
on each coversltp and the results are expressed as means ± s.d. of at 
least three experiments. The concentration of PDGF required for half- 
maximal stimulation of 0-2A progenitor-cell proliferation was -0.3 ng 
ml-* (ref.9). 



We were led to study the effect of PDGF on the timing of 
oligodendrocyte development in pitro by recent evidence that 
PDGF is a potent mitogen for 0-2 A progenitor cells in culture • 
and that cultured type-1 astrocytes stimulate 0-2A progenitor- 
cell proliferation' by secreting PDGF*. In the present study, 
optic nerve cells from embryonic day 17 (£17) Sprague-Dawley 
(S/D) rats were cultured in medium containing 0.5% fetal calf 
scrum (FCS). As previously reported', within two days most of 
the 0-2A progenitor cells in such cultures stopped dividing and 
differentiated into oHgodendrocytes» which were identified by^ 
the binding of antibody against galactocerebroside (GC) 
(Table 1), When human PDGF (R and D Systems, Inc.. Min- 
neapolis) was added, however, the 0-2A progenitor cells con- 
tinued to proliferate, doubling in number approximately every 
day, and the first oligodendrocytes developed after four days, 
equivalent to the time of birth (Table 1). The same result wm 
obtained if the cells were cultured in lype-l-astrocyte-condi- 
tioned medium (ACM), as reported previously' (data not 
shown). When E18 or E19 optic nerve cells were cultured in 
PDGF, the first oligodendrocytes developed after three and two 
days, respectively, again equivalent to the day of birth (Tabic 
1). The same results were obtained with a fivefold higher con- 
centration of PDGF (Table I), with human PDGF obtained 
from Raines and Ross", and with porcine PDGF obtained either 



from R and D Systems or from Siroobant and Watcrfield** (dau 

not shown). .... - _ , 

These results indicate that PDGF can mtmic the effects of 
ACM in restoring in culture the nonnal timing of oligoden- 
drocyte development observed in vivo, raising the possibility 
that PDGF is the factor in ACM responsible for this activity. 
To test this possibility, £17 optic nerve cells were cultured in 
ACM together with an IgG fraction of a goat anti-PDGF anti- 
serum. As shown in Table 2, these aiitibodies completely blocked 
the ability of ACM both to stimulate 0.2A progenitor-cell pro- 
liferation (as reported previously*) and to restore the normal m 
vivo Uming of oligodendrocyte development in culture (Table 
2). The same result was obtained using an IgG fraction of a 



Table 2 ERea of anti-PDGF antibodies on the ability of conditioned 
medium (ACM or ONCM) to restore die in uioo timing of oligoden- 
drocyte development in cultures of El 7 optic nerve cells 









Number of 






Anti-PDGF 




0-2A 


Number of 


Conditioned 


antibodies 


PDGF 


progenitor 


oligo- 


medium 


(90 »xg mr') 


(ng mr») 


cells 


dendrocytes 


none 




0 


12±5 


25 ±11 


none 




2 


71 ±9 


0 


ACM 




0 


75 ±13 


0 


ACM 


+ 


0 


15±7 


24±8 


ACM 


+ 


15 


82±18 


0 


ONCM 




0 


64±8 


0 


ONCM 


+ 


0 


8±2 


31±5 



Cells from El7 optic nerves were prepared, cultured for 2 days and 
stained as in Table 1. Purified iype-1 astrocytes from newborn rat 
cerebral cortex were prepared as described*'; after growing for several 
weeks in DMEM supplemented with 10% FCS. the astrocytes were 
grown in the defined medium (with 0.5% FCS) described in Table I 
for 2 days and the medium was collected as ACM. Newborn optic nerve 
cells (5 X 10* in 2 ml in PDl^coated 3.5 mm Nunc tissue-culture dishes) 
were cultured as described"; after 1 day in DMEM containing 10% 
FCS, the cultures were switched to defined medium conuining 0.5% 
FCS, which was cotleaed after 1 day as ONCM. The conditioned media 
were tested on E17 optic-nerve cultures to find the highest dilution thai 
would still restore the normal timing of oligodendrocyte differentiation, 
and this concentration (which varied from undiluted to diluted 1:10) 
was used in these experiments. The medium was changed after 24 h, 
and fresh conditioned medium, anti-PDGF antibody, and human PDGF 
(R end D Systemi. Inc.) were added. The goat anti-human PDGF 
antibodies (an IgG fraction prepared by ion-exchange chromatography) 
were purchased from Collaborative Research Inc. (Bedford, 
Massachusetts); 50 |Lg mP' of the antibody completely neutralized the 
mitogenic activity of 5 ng ml"" of human PDGF for 0-2A progenitor 
celto (data not shown), and for NIH 3T3 cells (according to the Col- 
laborative Research specification sheet). The resulu are expressed as 
means ± s.d. of three separate experiments, except for the results with 
ONCM where they are triplicates of a single experiment. 

rabbit antiserum^' obtained from C.-H. Heldin (data not shown). 
IgG fractions of goat and rabbit antisera against mouse 
immunoglobulin, used at the same or tenfold higher concentra- 
tion, had no such effect (data not shown). The addition of 
exogenous PDGF together with the anti-PDGF andbodies com- 
pletely overcame the inhibitory activity of the antibodies (Table 

The ACM used in the present and previous studies ~ was 
derived from cultures of type-1 astrocytes purified from neo- 
natal-rat cerebral cortex. To determine whether type-1 astrocytes 
in optic nerve cell cultures also secrete PDGF, we cultured E17 
optic nerve cells in medium conditioned over a high density 
culture of newborn optic nerve cells; almost 60% of newborn 
optic nerve cells are type-t astrocytes^. As shown in Table 2, 
such optic nerve conditioned medium (ONCM) kept 0-2A 
progenitor cells dividing and prevented these cells from pre- 
maturely differentiating into oligodendrocytes; this activity was 



1 



i 
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completely inhibited by anti-PDGF anubodies. Wc have pre- 
viously provided evidence, however, that the endogenous lypc-l 
astrocytes in E17 optic nerve cultures arc too few in number 
and/or arc unable to recover quickly enough froin the dissoci- 
ation procedure to produce sufficient mitogen to keep the pro- 
genitor cells dividing and to prevent their premature diffcrenti- 

***To determine whether PDGF is made in the developing optic 
nerve, we tested an extract of three- week-old rat optic nerve for 
its ability to stimulate 0-2A progenitor cells in culture to incor- 
porate bromodeoxyuridine (BrdU) into DNA before and after 
the extract was treated with anti-PDGF antibodies. As shown 
in Table 3, the extract stimulated progenitor cells to incorporate 



Table 3 Stimulation of BrdU incorporation in 0-2A progenitor cells 
by optic nerve extract in culture: ihe cffea of anti-PDGF antibodies 



Additives 

None 

PDOF (Ing ml-') 
Optic nerve extract 
Optic nerve extraa treated with anti- 
PDGF antibodiea 



% 0*2A progenitor cells 
labelled with BrdU 

3±1 
64±4 
50±2 
\4±6 



Cells from newborn optic nerves were cultured as in Table I, except 
that they were maintained without FCS at 5,000 cells per culture. 
Bromodeoxyuridine (BrdU, 10 p.M; Boehringer) was added after 11. 5 h, 
and the cultures were fixed after 4g h and stained with A2B5 antibody, 
followed by G anti-MIg-Fl (Cappel, 1:100); they were then treated 
successively with 2 N HCl (to denature the nuclear DNA ). 0.1 M 
Na,B407, 8.5 (each for lOmin ac room temperature), monoclonal 
anti-BrdU antibody" (culture supernatant diluted 1:5) and 6nally with 
G ani-MIgRd. Optic-nerve extract was prepared from three week-old 
rats as described" and used at 220 ^.g total protein ml"*. For treatment 
with anti-PDGF antibodies, the extract (264 pig toul protein) was incu- 
bated with the IgG fraction of goat anti-human PDGF antiserum ( 135 m>8 
in 0.7 ml of DMEM; CoUaborativc Research) for 4h at 4»C with 
continuous rotation; protein A-Sepharose (50 tit of swollen gel, Phar- 
macia) was added and the mixnire was incubated for a further 13 h at 
4 *C with continuous rotation and then centrifuged for 1 min in an MSE 
Micro Centaur. Incubating the exuact in normal goat serum and then 
protein A-Sepharose had no effect on the extract's activity; the extract 
used in the experiment shown was treated in this way. Anti-PDGF 
antibodies inhibited the activity of the extract to the same extent when 
they were added directiy (85 |jig ml'*) to the cultures (data not shown). 
The results are expressed as means ±s.e.m. of triplicate cultures. 

BrdU, and more than 70% of this mitogenic activity was removed 
by anti-PDGF antibodies. While this suggests that the major 
mitogen for 0-2A progenitor cells in the optic nerve at this age 
is PDGF, the finding that not all of the mitogenic aaivity in 
the extract was removed by the antibodies, or neutralized when 
progenitor cells were cultured with the extract in the presence 
of an excess of anti-PDGF antibody (data not shown), suggests 
that another mitogen(s) is also present 

Our present and previous results provide compelling evidence 
that PDGF, secreted by type-1 astrocytes, regulates both the 
proliferation and the timing of differentiation of 0-2A progenitor 
cells in vitro. To summarize the evidence: (1) PDGF stimulates 
the proliferation of 0-2A progenitor cells and prevents them 
from differentiating prematurely into oligodendrocytes in cul- 
ture (refs9, 10, and this study); (2) cultures of type-1 astrocytes 
purified from cerebral cortex make both PDGF and messenger 
RNA encoding PDGF A chains'; (3) when ACM is fractionated 
by gel filtration, the mitogenic activity for 0-2A progenitor cells 
is found in the same fractions as radiolabelled PDGF^; (4) 
and- PDOF antibodies inhibit the ability of ACM and ONCM 
to stimulate 0-2A progenitor cell proliferation in vitro (ref. 9, 10 
and this study) and to restore the normal in vivo timing to 
oligodendrocyte differentiation (this study). 



Table 4 Clortal analysis of oligodendrocyte differentiation in optic 
nervt cell cultures from 7-day-old rats stimulated by PDGF 



Number of cell divisions: 



Clones 

a,b,c 
d,e,f 

8 
h 



0 


I 


2 


3 


IP 


2ol 






IP 


2P 


4ol 




IP 


2P 


4P 


Sot 


IP 


2P 


3P.IM 


6ol 


IP 


2P 


4P 


8P 


IP 


2P 


4P 


5P,lol,lM 



16ol 
Uol 



Cells from post-naul day 7 (P7) S/D rats were prepared and studied 
by time-lapse microdnematography as described'*, except that the cells 
were maintained in human PDGF (10 ng ml"^) instead of ACM- Prolife- 
ration and differentiation of cells in microscopic fields conuining 2 to 
4 0-2A progenitor cells were followed for one week. The 0-2A pro- 
genitor cells were identified by their characteristic bipolar mor- 
phology"-'* and migratory behaviour**, while oligodendrocytes were 
identified by their multipolar morphology and lack of motility". 
As shown in the tebie, oligodendrocyte differentiation, occurred, after 
one to four cell divisions in the ten clones studied, althoiigh in every 
experiment there were still dividing 0-2A progenitor cells (belonging 
to other clones) present in the field at the end of filming. P, 0-2A 
progenitor cells; ol. oligodendrocytes; M, cells that migraUd out of the 
microscopic field and could no longer be followed. 

Previous studies have suggested that ACM regulates the timing 
of oligodendrocyte development in vitro by keeping 0-2A pro- 
genitor cells dividing until an intrinsic clock tn the progenitor 
cell initiates the process that leads to oligodendrocyte differenti- 
ation'*". The results of these studies were consistent with the 
possibility that the clock operates by scaing a maximum number 
of divisions a progenitor cell and its progeny can undergo before 
differentiating. To test this possibility further we cultured optic 
nerve cells ifrom seven-day-old rats in the presence of PDGF 
arid followed the fate of individual 0-2A progenitor cells and 
their progeny by time-lapse microcincmatogtaphy. As described 
previously, 0-2A progenitor cells and oligodendrocytes could 
be easily recognized as motile bipolar cells and immotile multi- 
polar cells, respectively'^ In nine of the ten clones studied, all 
of the descendants of a single progenitor cell differentiated 
together into non-dividing oligodendrocytes after the same num- 
ber of ceU divisions (Table 4); in the other clone (clone j in 
Table 4), the progenitor cells differentiated within one cell 
division of one another. These findings are consistent with 
previous single-cell experimients and the ^mitotic clock* 
hypothesis'' but do not exclude other timing mechanisms. 

Whatever the timing mechanism, it is clear that oligoden* 
drocyte differentiation is associated with withdrawal from the 
cell cycle*'^'*. The relationship between the two processes, 
however, is uncertain. The clock in the progenitor cell might 
primarily control the onset of oligodendrocyte differentiation, 
with the cessation of proliferation following as a consequence. 
Alternatively, the clock might primarily control the onset of 
unresponsiveness to PDGF, with oligodendrocyte differenti- 
ation following as a consequence of withdrawal from the cell 
cycle. We favour the second possibility as it would most simply 
explain why 0-2A progenitor cells differentiate prematurely 
when deprived of PDOF (see Table 2). 

Whereas oligodendrocyte differentiation seems to be the con- 
stitutive pathway of 0-2A progenitor cell develojiment, which 
is automatically triggered when a progenitor cell is deprived Of 
signals from other cells'^ or when the instrinsic timer reaches 
the appropriate point^'^', typc-l astrocyte differentiation seems 
to be induced by a protein signal that greatly increases in 
concentration in the optic nerve after the first postnaul week''. 
While the mechanisms that control the timing and direction of 
0-2A progenitor cell differentiation in vUro are beginning to 
emerge, it remains to show that the same mechanisms operate 
in vivoi 
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The major Fc receptor in blood has 
a phosphatidylinositol anchor and is 
deficient in paroxysmal noKrtumal 
haemoglobinuria 

Periasamy Selvaraj, Wesdall F. Rosset, 
Robert SUbert & Timothy A. Springer 

Laboratory of Membrane Immunochemistry, 
Dana Farbcr Cancer IniUtute, Pathology Department, 
Harvard Medical School. Boston. Massachusetu 02115, USA 
* Departmem of Medicine, Duke University Medical Center, 
Ditrliam, North CaroUna 27710, USA 

t Department of Medicine, New York University Medical Center, 
New York 10016, USA 



Fc recepton oa phagocytic cells in the blood mediate blading and 
dcaraace of Immune complexes, plmgocytosls of antibody-opson- 
izcd microorganisms, and potently trigger effector functions. 
Including superoxide anion prodnctioo and antibody-dependent 
peilnlar cytotoxicity, the Fc receptor type in (Fc>R III, CD1«X 
present in 135,000 sites per cell 1 on neutrophils and accounting 
for most of FcR in blood, noexpcctcdty has a phosphacidylinositol 
glycan (PIG) membraae anchor. Deficiency of Fey R III is observed 
la paroxyirmat nocturnal haemoglobinuria (PNH). an acquired 
abnormality of haematopoietic cells' affccdng PIG tall biosya- 
thesis or attachment^, and is probably responsible for circulating 
immune complexes'* and siisceptlbility to bacterial infections 
asGodated with this disease'. Although a growing number of 
cufcaryotlc ccU-euffface proteins vrttb PIG-talls are being 
dcscribed^^ none has thus far beea Implicated in receptor-medi- 
seed cndocytosis or In triggering of cell-mediated killing. Our 
findings on the FcyR HI raise the question of how a PIG-talled 
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protein Important in Immune complex clearance en vivo**^ and In 
■ntibody-depeodent killing'* mediates llgaad intenallxatloa and 
cytotoxicity. Together with our results, previous functional studies 
on FcyR III and FcyRIl'^^'^ suggest that these two receptors 
may cooperate and that the type of membrane anchor is an Impor- 
tant mechanism whereby the functional capacity of surface recep- 
tors can be regulated. 

Three different types of FcyR have been distinguished in 
humans using monoclonal antibodies (mAb). FcyR HI 
(CD16) of relative molecular mass (M,) 50-70,000 (50.70K) is 
found on neutrophils, large granular lymphocytes, and 
macrophages, but not on monocytes. FcyR III was first identified 
with a mAb (3C8) that blocked immune complex binding to 
neutrophils' and subsequently with other mAb of the CD 16 
cluster". FcyR II (CDw32) is a 40K receptor on neutrophils, 
monocytes, eosinophils, platetete and B cells". FcyR I is a 72K 
protein and is found on monocytes". FcyR III and FcyR 11 
have low affinity for monomeric IgG and thus preferentially 
bind immune complexes by multiple receptor-ligand interac- 
tions, whereas FcyR I is sufficiently high affinity to bind 
monomeric IgG. 

Our first evidence that FcyR III is anchored by PIG came 
from studies on leukocytes from patients with paroxysihai noc- 
turnal haemoglobinuria (PNH). PNH is an acquired defect of 
haematopoietic precursor cells in either the biosynthesis or the 
anachment of the PIG tail and may affect clonal progeny in the 
erythroid, monocytic, granulocytic, and thrombocytic 
lineages'-"'*^. Previous studies on erythrocytes and leukocytes 
from PNH patients have demonstrated a selective deficiency of 
PIG-tailed proteins, including decay accelerating factor (DAF), 
acetylcholinesterase, alkaline phosphatase and the PIG- 
anchored form of lymphocyte function-associated antigen 3 
<LFA-3), (refs 3, 6 and 7). The deficiency of DAF accounU for 
susceptibility of erythrocytes to complement-mediated lysis in 
PNH. However none of these previously identified deficiencies 
can explain the occurrence of circulating immune complexes^ 
and the 20% and 50% of mortalities caused by bacterial infec- 
tions and thrombosis respectively^. 

Quantitation of FcyR III expression using immunofluores- 
cence flow cytometry show that it is markedly deficient on PNH 
neutrophils (Fig. la). This deficiency was found in all six 
patienu studied (D.E., S.B., J.M., J.E., B.I., CG.) and results 
with five different GDI 6 (FcyR III) mAb were identical. Some 
patients such as J.E. (Fig. In, curve 3) showed normal as well 
as deficient granulocyte clones. Patients showed consistent vari- 
ation in the extent of deficiency in the abnormal clone. The 
amount of FcyR III expression on affected cells ranged from 
2% (patieiit D.£.) to 19% (patient J.E.) averaging 7% of normal, 
perhaps reflecting the degree of penetrance of the acquired 
defect in PNH. In all cases, deficiency of FcyRIII paralleled 
deficiency of DAF. In contrast, deficient neutrophils expressed 
normal levels of HLA-A,B, LFA-UMac-I and FcyR II (CDw32) 
(Fig. la). PNH monocytes showed normal expression of FcyR I 
aiid II, although they were deficient in DAF (Fig. 16). These 
results suggested that the neutrophil FcyR III has a PIG tail, 
whereas the FcyR I and FcyR II do not. 

PIG-anchored proteins can be specifically cleaved from cell 
surfaces with phosphattdylinositol-specific phospholipase C^*^*^ 
(PI PLC). We therefore investigated the susceptibility of Fc 
receptors to PIPLC (Table 1). PIPLC released 75-84% of the 
cell surface FcyR III and DAF from healthy granulocytes, while 
FcyR II, HLA-A,B and LFA-l were unaffected. On monocytes, 
PIPLC released 84% of DAF whereas it had no effect on 
FcyR II, FcyR I, HLA-A,B and LFA-l. Results with PIPLC 
prepared from 5. aureus and B. thuringiensis were identical and 
show that FcyR III on neutrophils, but not FcyR II on the same 
cells or FcyR I and II on monocytes, have PIG anchors. Lack 
of a PIG anchor on FcyR II is consistent with the prediction 
(from cDNA sequence ^^) that it possesses a transmembrane 
domain and a 76 residue hydrophilic cytoplasmic tail. 
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I The subcortical white matter of the adult human brain harbors a pool of glial progenitor cells 

J These cells «n be isolated by fluorescence-activated cell sorting (FACS) after either transfectior^ 
with green fluorescent protein (CFP) under the control of the CNP2 promoter, or A2B5-targeted 
^ immunotagglng. Although these cells give rise largely to oligodendrocytes, in low-densi^ cul- 

f ture we observed that some also generated neurons. We thus asked whether these nominally 

glial progenitors might include multipotential progenitor cells capable of neurogenesis We 

1 found that adult human white-matter progenitor cells (WMPCs) could be passaged as neu- 
O rospheres to Wtro and that these cells generated functionally competent neurons and glla both 

2 the r initial isolation and did not require in vitro expansion or reprogrammlng to do so. These ex- 
_ periments indicate that an abundant pool of mitotically competent neurogenic progenitor cells 

3 resides in the adult human White matter. 



W not express more mature markers of gUal lineage. We previ! and seS renewal In .hh . ^ "P""'" °^ expansion 

ously noted that when grown at high^density, pCNpLc/p' process SuLrde diff^^^^^^^ investigated whether this 

tnan a function of autonomous commitment. Once isolated 

into high-purity, low-denslty culture, and therefore removed WMPCs were Isolated by CNP. and A2B5-based sortina 

l^of^io™-;^^^^ 

ZZJL"""! r'^lTT' protein-induced phenotyplc cally ilssociatSro slngle^Tsut^^^^^^^ 
nstruction and basic fibroblast growth factor (bFGF)-stlmu- sociates were plated onto laminln (100 Z/ZunDMFMl^l^^ 

th^ JTT/"- 1'"'"" ''''' supplemented*^ with bFGF (TnXlf ^3 (^n^iS f^J 

the adult rat forebrain parenchyma could also generate neu- platelet-derived growth factor fPDGR aa „„/ 
rons after prolonged ,„ vitro expansion in bFGF-. Taken to- {ify oligodenSo^^rXTen'^ne^^^^^^ 
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fected with pCNP2:hGFP, the transcription of which results 
in GFP expression by oligodendrocyte progenitor cells^. 

To avoid both the temporal lag between transfection and 
GFP expression and the inefficiency of plasmid transfec- 
tion, cultures were also sorted on the basis of A2B5 surface 
immunoreactivity, which can serve as a surrogate marker 
for pCNP2:hGFP WMPCs in vitro\ Immunostaining 
showed that 84 ± 8.3% of pCNP2:GFP* ceUs expressed A2B5 
(ref. 2). GFP-based FACS gated 0.49 ± 0.15% of all white- 
matter cells as pCNP2:hGFP (mean ± s.e.m.; n = 3 patients; 
Fig. l<j). Matched cultures transfected with pCMV:GFP had 
a net transfection efficiency of 13.1%. Thus, the predicted 
incidence of pCNP2:hGFP* cells in the white matter was 
3.7% (= 1 + 0.131 X 0.49), consistent with our prior esti- 
mates of the incidence of this phenotype^ From the same 
samples, A2B5-based FACS gated an average of 3.1 ± 0.7% 
{n = 3) of the white-matter cell population (Fig. lb). The 
greater than six-fold increase in net yield when A2B5 was 
used (3.1% versus 0.49%) reflected the higher efficiency 
of A2B5 immunodetection relative to pCNP2:hGFP plas- 
mid transfection. On this basis, we used immunomag- 




Flg. 1 A2B5-based FACS selects oligodendrocyte progenitor cells, o and b, FACS 
graphs showing the extraction of pCNP2:hCFP* {a) and A2B5* (b) WMPCs from an adult 
human white-matter dissociate. Forward scatter (FCS), a measure of cell size, is plotted 
against fluorescence intensity (Fl-I). When pCNP2:hCFP- and A2B5.based sorts were di- 
rectly compared, their plots showed overiapping profiles, but A2B5* cells were >6-fold 
more abundant than their pCNP2:hCFP* counterparts, reflecting the higher efficiency of 
A2B5 surface tagging, c-f. Progenitors sorted by pCNP2:hCFP (c and e) and A2B5 {d and 
0 gave rise to 04^ oligodendrocytes. A2B5-based surface antigen sorting may thus be 
used as a higher-yield alternative to pCNP2:hCFP transfection-based FACS for isolating 
WMPCs. Scale bar, 24 jim. ^ 



netic sorting (IMS) to select A2B5* cells from adult white-mat- 
ter dissociates. By IMS, the incidence of A2B5-sorted cells in 
white matter dissociates was 3.6 ± 0.3% (n 21) with a median 
of 3.1%. This improved yield was accomplished with no ap- 
preciable loss of cell-type specificity, in that the A2B5" cells 
overlapped entirely with the sort profiles of pCNP2:hGFP* 
cells and each isolate generated 04* oligodendrocytes with 
similar efficiency (Fig. \c-f). Thus, A2B5-based FACS and IMS 
identified WMPCs homologous to those recognized by 
pCNP2:GFP.based FACS, while permitting higher-yield isola- 
tion of these cells. 

Adult WMPCs gave rise to multlpotent neurospheres 

To assess the expansion capacity of pCNP2:hGFP- and A2B5- 
sorted cells, we propagated sorted isolates of each in suspen- 
sion*^". The cells were distributed into 24-well plates at 50,000 
cells per 0.5 ml in serum-free media (SFM) supplemented with 
bFGF (20 ng/ml), NT3 (2 ng/ml) and PDGF-AA (20 ng/ml), a 
combination that permits the expansion of human WMPCs^ 
Seven days later, the cells were switched to SFM with bFGF alone 
(20 ng/ml)*. Over the next 10 d, neurospheres— spherical masses 
of cells that expand from single parental prog- 
enitors—arose in these cultures, such that by 3 
weeks after sorting, there were 84.8 ± 9.0 
spheres/well (w = 4 patients). These neu- 
rospheres were typically >150 ^im in diameter 
and included 46.5 ± 8.2 cells/sphere (Fig. 2a and 
b). Thus, single WMPCs of the adult human 
brain were capable of generating neurospheres. 

To establish the lineage potential of single 
adult human WMPCs, we dissociated the re- 
sultant primary neurospheres and passaged 
them into new wells. Alternatively, some were 
plated onto substrate to permit their differen- 
tiation. Immunostaining showed that both 
pCNP2:hGFP* and A2B5* progenitor-derived 
spheres gave rise to all major neural pheno- 
types (Fig. 2d and e). Among those cells pas- 
saged from primary spheres, secondary 
spheres were observed to arise within two 
weeks after passage. After expansion, these 
secondary spheres were similarly plated on 
substrate, raised for one to two weeks and 
fixed. Immunolabeling confirmed that virtu- 
ally all secondary spheres generated both neu- 
rons and glia together (Fig. 2c and e). In 
addition, when the mitotic marker BrdU was 
added to A2B5-sorted cells, BrdU-incorporat- 
ing neurons, oligodendrocytes and astrocytes 
all emerged from the spheres generated (Fig. 
2f-i). The persistence of mitotic neurogenesis 
and gliogenesis by single spheres indicated 
that they contained cycling multipotential 
cells. The secondary spheres were probably of 
clonal origin, given the low plating density of 
the single cells from which each was derived 
and the fact that the sphere-forming cells orig- 
inated from primary spheres that had them- 
selves expanded from single-cell dissociates. 
These data indicate that single progenitor cells 
of the adult human white matter are both 
clonogenic and multipotent. 
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Fig. 2 Adult human WMPCs give rise to multipotential neurospheres. 
a, First-pa5$age spheres generated fronn A2B5-5orted cells 2 weeks after 
sorting, ft. First-passage spheres arising from pCNP2:hCFP.sorted cells, at 
2 weeks, c. Second-passage sphere derived from an A2B5-sorted sample, 
at 3 weeks, d. Once plated onto substrate, the primary spheres differenti- 
ated into plll-tubulln^ neurons (red), CFAP* astrocytes (blue) and 04* 
oligodendrocytes (green), e. Neurons (red), astrocytes (blue) and oligo- 



dendrocytes (green) arose similarly from spheres derived from 
pCNP2:CFP-sorted WMPCs. f-A, BrdU Incorporation (blue) showed that 
new neurons (/, pill-tubulin (red); g, MAP2 (red)) and oligodendrocytes 
(/», 04 (green)) were generated in vitro, i, pill-tubulin* neurons (green) 
co-expressed neuronal Hu protein****' (red), yielding double labeling (yel- 
low). Nuclei were counterstained with DAPI (blue). Scale bars, 1 00 |im 
(o-e) or 40 ^m (f-i). 



Single WMPCs remained multipotential with passage 

The serial propagability of sorted WMPCs from neurospheres 
in low-density dissociates suggested the clonal derivation of 
each individual sphere**". To further validate the clonal origin 
of neurons and glia arising within single spheres, we used 
lentiviral GFP to genetically tag and follow single WMPCs. 
A2B5* cells were tagged, 2-5 d after sorting, with a lentivirus 
expressing GFP under cytomegalovirus (CMV) promoter con- 
trol*^". At 10 PFU/cell, 23% of the cells expressed GFP by one 
week after sorting, yielding a mixture of GFP", GFP* and mixed 
spheres in the resultant cultures (Fig. 3a-b). These primary 
spheres were triturated two to four weeks later to single-cell 
suspensions and passaged into bFGF at -3,000 cells/well. 
Under these conditions, 40.8 ± 12.9 secondary spheres/well 
were generated, indicating a clonogenic cell incidence of 1.3% 
(n = 5). Of these secondary spheres, 47.2 ± 10.8% contained 
only GFP cells (Fig. 3c~d} whereas 30.9 ± 6.9% harbored no 
GFP* cells. The relative uniformity of GFP expression, or lack 
thereof, among the cells within a given sphere indicated that 
most spheres were clonally derived (P < 0.005 by analysis). 
This tested the null hypothesis that the spheres arose from 
non-clonal aggregation of two or more cells, each of which was 
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equally likely to be GFP* or GFP. When the single spheres were 
plated onto polyornithine and fibronectin and their outgrowth 
assessed two weeks later, all gave rise to both neurons and glia 
(Fig. 3e~g). Because most secondary spheres were likely to have 
been clonally derived, and aU included neurons as well as glia 
(38 of 38 spheres; n = 4 samples;, single WMPCs must have 
given rise to neurons and glia together. 

We next asked if the neurogenic capacity and multilineage 
competence of WMPCs were maintained with passage. 
Primary spheres were raised serially in bFGF/NT3/PDGF-AA for 
7 d, DMEM/F12/N1 with 15% serum/PDGF-AA for 4 d, and 
serum-free DMEM/F12/N1 with bFGF for 10 d. Cells were then 
dissociated and replated in bFGF at 3,000 cells/well in a 24- 
well plate. Secondary spheres arose within two weeks from 1.1 
± 0.3% of these cells (n = 8). After more than two weeks of fur- 
ther expansion, the secondary spheres were plated on polyor- 
nithine and fibronectin and were fixed and immunostained 
two weeks later (seven to nine weeks after sorting). Whereas 
primary spheres consisted of 21.7 ± 4.3% pill-tubulin* neu- 
rons, 17.7 ± 3,9% gliar fibrillary acidic protein (GFAP)* astro- 
cytes and 46.7 ± 5.9% 04* oligodendrocytes (n = 3), secondary 
spheres consisted of 16.0 ± 2.5% neurons, 19.3 ± 3.2% astro- 

441 



cytes and 46.4 ± 2.4% oligodendrocytes (w = 3). Most of the 
neurons were GABAergic, by virtue of their expression of glu- 
tamic acid decarboxylase-67 (GAD67) (Fig. 4a-c), Because the 
relative proportions of neurons, oligodendrocytes and astro- 
cytes in secondary spheres were similar to those in primary 
spheres, we concluded that WMPCs retained multilineage 
competence with expansion. 

WM PC-derived neurons become functionally mature 

The calcium responses and membrane currents of WMPC-de- 
rived neurons were assessed to establish their ability to re- 
spond to depolarizing stimuli. Primary spheres (n = 12 fields, 
derived from 3 brains) were plated on fibronectin to permit 
neuronal outgrowth, and assessed 14 d later for their calcium 
responses to depolarizing stimuli. The cultures were then 
loaded with the calcium indicator dye Fluo-3 and serially ex- 
posed to both 100 pM glutamate and 60 mM potassium 
during confocal microscopy. Astrocytic responses to depolar- 
ization were minimal under these culture conditions, as pre- 
viously noted. In contrast, neuron-like cells displayed rapid, 
reversible, >100% elevations in cytosolic calcium in response 
to potassium, consistent with the activity of neuronal volt- 
age-gated calcium channels (Fig. 4d-f). The neuronal pheno- 
type of these cells was then validated by immunostaining for 
pill-tubulin. 

We then asked whether WMPC-derived neurons would be 
able to develop the fast sodium currents and action potentials 
characteristic of electrophysiologically competent neurons. 
We used whole-cell patch-clamp recording during current 
stimulation to assess the response of WMPC-derived neurons 
that arose from plated secondary spheres derived from A2B5- 



sorted isolates. A total of 58 WMPC-derived fiber-bearing cells 
were recorded, in 5 cultures derived from 3 patients. Of these, 
13 showed voltage-activated sodium ion currents (1^^ of > 100 
nA, and 7 had /n, > 600, compatible with the fast sodium cur- 
rents of neuronal depolarization** ". Accordingly, whereas two 
of five cells with > 800 generated stimulus-evoked action 
potentials (Fig. 4g~h), none did so with /n.< 800. In addition, 
none of 26 morphologically non-neuronal cells showed sub- 
stantial (^100 pA) current-induced sodium currents. Together, 
these results indicated that neurons arising from adult human 
WMPCs developed mature electrophysiologic functions, in- 
cluding both fast sodium currents and action potentials. 

WMPCs generated neurons without reprogramming 

Glial progenitor cells from the postnatal rat optic nerve can 
generate neurons, under conditions that have been described 
as Preprogramming' glial progenitors to multilineage compe- 
tence\ In that study, neurogenesis was achieved by first in- 
structing the cells to an intermediary astrocytic lineage using 
either serum or bone morphogenetic protein-2, followed by 
bFGF-stimulated mitogenesis. We asked whether such repro- 
gramming steps are required for the generation of neurons 
from adult human WMPCs, or whether simple expansion 
under minimal conditions in vitro, with the removal of these 
cells from their environment, might be sufficient to permit 
neurogenesis by these cells. Sorted A2B5* cells were cultured in 
several permutations of mitogenic and differentiative condi- 
tions to identify the minimal conditions permissive for lin- 
eage diversification. We compared the phenotypes generated 
under three conditions: (i) bFGF/NT3/PDGF-AA in SFM (com- 
posed of DMEM/F12/N1) for 7 d, followed by 15% FBS/ PDGF- 




GFP/GFAP/|',lll-tubulin \\ 




GFP/04 



Fig. 3 Single lentiviral CFP-tagged WMPCs generated neurons and 
glia, A2B5-sorted WMPCs were Infected with a lentivirus encoding en- 
hanced CFP'^ 5 d after sorting, o and Secondary spheres subse- 
quently derived from Infected cells harbored either CFP-tagged cells 
(arrowhead), untagged cells (arrow) or, less commonly, both, c and 



d, CFP* secondary sphere 1 week after plating, e and f, pill-tubulln* neu- 
rons (red) and CFAP* astrocytes (blue) arising from a single clonally de- 
rived CFP* secondary sphere, CFP* (green) and 04* (red) 
oligodendrocytes arising from a secondary sphere. Scale bars, 100 M.m (a 
and 6), 60 ^m (c and d) or 40 nm {e-g). 
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AA for 4 d and SFM with bFGF for two 
weeks; (ii) bFGF/NT3/PDGF-AA in 
SFM continuously for three weeks; 
and (iii) bFGF alone in SFM for three 
weeks. The first condition was in- 
tended to promote initial differentia- 
tion in serum, whereas the latter two 
groups were designed to skip this glial 
differentiative step*. 

The A2B5-sorted progenitors 
yielded spheres under each of these 
conditions; however, both the num- 
ber of spheres and the percentage of 
neurons generated by each differed 
as a function of treatment. Cultures 
maintained in base media alone or in 
bFGF-supplemented media had 5.9 ± 
1.7% and 7.2 ± 2.1% pill-tubulin* 
neurons, respectively (« = 3 patients). 
When matched WMPC-derived 
spheres were sequentially raised in 
bFGF/NT3/PDGF-AA with 15% serum 
and bFGF, 18.2 ± 2.2% of the cells 
were pill-tubulin" (Fig. 5a). A similar 
proportion of neurons (22.5 ± 1.9%; 
« = 3) was generated by those neu- 
rospheres maintained in SFM with 
bFGF/NT3/PDGF-AA. Serum expo- 
sure was therefore not required for 
A2B5* cells to generate neurons. 
Indeed, no specific signals seemed 
necessary for neuronal instruction, 
besides those provided by PDGF and 
NT3. These data indicated that an- 
tecedent astrocytic differentiation was 
not a necessary prerequisite to neuro- 
genesis by adult WMPCs. These cells 
required neither prolonged mitogenic 
expansion, nor specific dedifferentia- 
tion steps, to generate neurons as well 
as glia*. 

Although both PDGF and NT3 pro- 
mote oligodendrocyte production by 
glial progenitors of the rat optic 
nerve each can induce neuronal 
differentiation in less-committed hip- 
pocampal and ventricular zone neural 
progenitors''-™. As such, their neuro- 
genic effects on adult WMPCs may re- 
flect the relatively undifferentiated 
state of these cells. 




Fig. 4 WMPC-derived neurons showed functional 
maturation in vitro, a-c. Neurons derived from 
adult human WMPCs had a CABAergic phenotype. 

a. Outgrowth of a WMPC-derived neurosphere, 
stained for neuronal pNI-tubulin after 35 d in vitro. 

b, Immunostaining showed that all 9 neurons in the field were CAD67* and were thus likely to be 
CABAergic. c, DAPI nuclear counterstaining showed the abundance of cells In the field, d-f, WMPC- 
derived neurons developed neuronal Ca^* responses to depolarization, d, WMPC-derived cells loaded 
with the calcium indicator dye Fluo-3, 10 d after plating of first-passage spheres derived from A2B5- 
sorted white matter (35 d in vitro total). Many fiber-bearing cells of both neuronal and glial morpholo- 
gies are apparent, e. The same field after exposure to 1 00 jiM glutamate. The same field after exposure 
to a depolarizing stimulus of 60 mM KCI. Rapid, reversible, >100% elevations in cytosolic calcium oc- 
cun-ed in response to K*, consistent with the activity of neuronal voltage-gated calcium channels. Scale 
bar, 80 jim. g and h. Whole-cell patch-clamp experiments detected voltage-gated sodium cun-ents and 
action potentials in WMPC-derived neurons, g. Representative cell, 14 d after plating of first passage 
sphere derived from A2B5-sorted white matter. The cell was patch clamped in a voltage-clamped con- 
figuration and its responses to cun-ent injection were recorded, h, Action potentials (AP) were noted 
after positive cun-ent injection, at >800 pA (left tracing). The fast negative deflections noted after de- 
polarization steps are typical of the voltage-gated sodium cun-ents of mature neurons (right). 



Only a fraction of A2B5^ cells were clonogenlc 

We next assessed the incidence of clonogenlc and multipoten- 
tial progenitor cells within the larger pool of A2B5-sorted white- 
matter cells. We first assessed whether either the survival or the 
mitotic competence of adult human WMPCs were dependent on 
density, by assessing the limiting dilution at which clonogenlc 
progenitors could be obtained from A2B5-sorted white-matter 
dissociates. A2B5* cells were plated immediately after sorting, at 
densities ranging from 100,000 to 1,000 cells/ml (0.5 ml cell sus- 
pension per well of a 24-well plate), in basal media supple- 



mented with bFGF/NT-3/PDGF-AA. Under these conditions, the 
incidence of clonogenlc progenitors was a curvilinear function 
of the sorted cell density (R^ = 0.978; Fig. 5b), Whereas 186 ± 7.6 
spheres were generated at a density of 100,000 cells/ml (0.4%; n 
= 5 patients), only 6.5 ±2.7 were noted at 10,000 cells/ml (0.1%) 
and no sphere generation was noted at or below 5,000 cells/ml. 
Thus, the expansion of purified WMPCs was density dependent 
and optimal at 50,000-100,000 cells/ml. Densities higher than 
the optimal range seemed to promote terminal differentiation of 
the progenitors. 



NATURE MEDICINE • VOLUME 9 • NUMBER 4 • APRIL 2003 



443 




Control 



CFBS+P 
F 




-I 1 ( 

20 40 60 80 100 

Cell number (10V ml) 



Fig. 5 WMPCs show density-dependent expansion and neurogenesis, a, WMPCs can generate 
neurons after initial isolation. When A2B5-sorted cells were maintained in base medium alone or in 
bFCF-supplemented medium, 5-7% plll-tubulin/Tu|r neurons were observed in the culture, 
WMPC-derived spheres raised continuously in bFCF/NT3/PDCG-AA or sequentially in 
bFCF/NT3/PDCF-AA, 15% serum/PDCF-AA and bFGF, gave rise to progressively higher percent- 
ages of neurons (see text). *, P < 0.01 by one-way analysis of variance with Bonferroni f-test. f, 
bFGF; N, l^^^3; P, FDCF-AA; CFBS, characterized fetal bovine serum. Adult human WMPCs show 
density-dependent expansion, such that no sphere formation was observed below a cell density of 
10,000 cells/ml. The incidence of sphere formation was a curvilinear function of cell density (ff^ = 
0.9781). c and d. Only A2B5-selected cells generated spheres, c. First-passage spheres generated 
from A2B5* cells 2 weeks after sorting, d, A2B5-depleted remainder of A2BS-celIs, derived from the 
same source culture as cells in (c), exhibited no evidence of sphere formation 2 weeks after sorting. 





To assess whether clonogenic WMPCs were restricted to the 
A2B5* population, we also cultured the A2B5-depleted pool re- 
maining after each sort- A2B5-depleted cultures did not give rise 
to any passageable neurospheres at any of the cell densities as- 
sessed over the range of 1,000-1(X),000 cells/ml (Fig. 5d), On the 
basis of these studies, we concluded that only a fraction of 
white-matter A2B5* cells are actually clonogenic and multipo- 
tential progenitors, although all clonogenic WMPCs are A2B5*. 

Adult WMPCs showed limited self-renewal 

We next sought to define the extent to which WMPCs were self- 
renewing by assessing the extent to which WMPC-derived neu- 
rospheres were capable of repetitive passage. Primary spheres 
were raised from three patients at an optimal initial density of 
1(X),000 cells/ml, under the conditions identified as most sup- 
portive of multilineage expansion (bFGF/NT3/PDGF-AA in 
DMEM/F12/N1). One month later, the spheres were dissociated 
and replated. Secondary spheres were generated and were re- 
plated one month later at 1 x 10^-5 x 10* cells/ral. These cultures 
gave rise to tertiary spheres over the following month, though 
with less efficiency and a smaller volumetric expansion than sec- 
ondary spheres. Attempts at propagating these spheres as quater- 
nary spheres, after additional dissociation, were generally 
unsuccessful. Given an apparent cell doubling time of 3-4 d 
(data not shown) and monthly passages spanning 8-10 dou- 
blings, we estimated that the tertiary spheres assessed one 
month after the last passage underwent a minimum of 16-24 
and no more than 30 doublings. This is well below the number 
of doublings of which tissue-derived stem cells are typically 
thought capable. 

Our inability to successfully passage these cells beyond 16-24 
doublings called into question their ability to self-replicate for 
extended periods of time irt vitro. Their limited replicative com- 
petence contrasted with that of neural progenitors sorted from 
the fetal human ventricular zone, which may be readily pas- 
saged for >60 doublings under analogous culture conditions^'. 
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Such self-renewal capacity has been ascribed to sustained telom- 
erase activity in a number of developing systems, including the 
fetal human forebrain^^. To assess whether the apparently fi- 
nite proliferative potenrial of adult human WMPCs reflected a 
lack of telomerase activity, telomerase levels were assessed using 
the telomerase reverse transcriptase activity protocol (TRAP) 
assay^'^. We did not detect any telomerase activity in primary or 
secondary WMPC-derived spheres, despite high-level activity in 
a variety of positive controls (see Supplementary Fig. 1 online). 
Their lack of extended replicative potential, coupled with their 
lack of telomerase activity, suggests that adult WMPCs might 
constitute a pool of multipotential progenitors with a finite 
capacity for mitotic expansion, transitional between tissue- 
restricted stem cells and phenotypically committed progenitors. 

WMPCs produced neurons and glla after fetal xenograft 

We next assessed whether WMPCs were multipotential in vivo as 
well as in vitro by evaluating their fate after engraftment to em- 
bryonic stage (E)17 fetal rat brains. Some A2B5-sorted cells were 
transplanted 24-48 h after sorting to assess their lineage poten- 
tial upon initial isolation. These cells were maintained only in 
SFM during the period between isolation and xenograft and were 
never exposed to any exogenous growth factors. Other cells were 
transplanted 10 d after sorting, after maintenance in 
bFGF/NT3/PDGF-AA for 4 d and 15% senim/PDGF-AA followed 
by bFGF, for 3 days each. All donor cells were administered into 
El 7 rat embryos by intraventricular injection at 10* cells/animal. 
The recipients were killed and fixed four weeks after birth to 
evaluate the fate of the implanted human cells. Human donor 
cells were identified by immunolabellng of brain sections for 
human nuclear antigen (HNA), 

In rats implanted with propagated WMPCs (Fig. 6) and their 
counterparts injected with acutely isolated WMPCs (see 
Supplementary Fig, 2 online), donor-derived migrants co-ex- 
pressing HNA with either nesrin or doublecortin" were found in 
the host olfactory subpendyma and hippocampus (Fig. 6a and 

NATURE MEDICrNE • VOLUME 9 • NUMBER 4 • APRIL 2003 



ARTICLES 



Nestin 




Doublecortin 



o 



E 

s 

s 
I 

c 



2 
o 



CL 

£ 

3 

IS 
z 

CO 

o 
o 

M 




Fig. 6 WMPCs engrafted into fetal rats give rise to neurons and glia in a site-specific man- 
ner. Sections from a rat brain implanted at El 7 with A2B5-sorted WMPCs and killed 1 month 
after birth. Cells were maintained in culture for 1 0 d before implanting, a and Nestin* (o) 
progenitors and doublecortin* (b) migrants (red) each co-expressing HNA (green) in the hip- 
pocampal alvius. c, CNP* (red) HNA* (green) oligodendrocytes, found exclusively in the cor- 
pus caNosum. d. Low-power image of CFAP* (green) HNA* (red) astrocytes (yellow, 
double-positive) along the ventricular wall, e, ^Itl-tubuMn* (green) and HNA* (red) neurons 
migrating in a chain in the hippocampal alvius. f, plH-tubulin* and MAP2* (inset) neurons in 
the striatum, adjacent to the rostral migratory stream (green, blll-tubulin and MAP2; red, 
HNA; yellow, double- stained human nuclei). 9, Hu* (red) HNA* (green) neuron in the sep- 
tum, h, CAD67* (red) HNA* (green) striatal neuron. Insets (a-f) show orthogonal projections 
of a high-power confocal image of each identified cell (arrow). Scale bars, 40 ^m (o-e) or 
20 Jim (f-/j). 



b). In addition, abundant populations of 
HNA* pill-tubulin* neurons were found In 
the olfactory subependyma and rostral mi- 
gratory stream as well as in the hippocam- 
pal alvius (Fig. 6e), WMPC-derived neurons 
were also observed in the neostriatum, indi- 
cating striatal neuronal differentiation on 
the part of some xenografted WMPCs (Fig. 
6/). These data showed that engrafted adult 
human WMPCs could integrate Into the 
forebrain subventricular zone as neuronal 
progenitor cells that then gave rise to both 
granule and striatal neurons. Human 
WMPC-derived GFAP* astrocytes and CNP* 
oligodendrocytes were also common in re- 
cipient brains and were found primarily 
along the ventricles or in the subcortical 
white matter (Fig. 6c and d). Thus, adult 
human WMPCs showed context-dependent 
differentiation after xenograft to the devel- 
oping rat brain and were competent to do so 
upon acute isolation, without the benefit of 
humoral instruction in vitro. 

Discussion 

These observations suggest that the WMPCs 
of the adult human forebrain include multi- 
potential progenitor cells, capable of a finite 
and limited degree of expansion and self-re- 
newal. These cells remain competent to re- 
spond to local instructive cues, with a wide 
range of lineage choices, upon xenograft as 
well as in vitro. They are readily able to give 
rise to neurons and gUa once they are re- 
moved from their native white-matter envi- 
ronment. The freshly isolated adult WMPCs 
In our study did not require prolonged ex- 
pansion to undergo neurogenesis in vitro, 
and seemed immediately competent to gen- 
erate neurons upon xenograft to the develop- 
ing brain. 

Previous studies of the adult rat brain have 
identified parenchymal progenitor cells that 
are able to give rise to neurons and glia after 
a number of cell doublings, in the presence 
of bFGF*. in addition, nominally committed 
glial progenitor cells derived from the neona- 
tal rat optic nerve have also been reported to 
give rise to neurons and oligodendrocytes*. 
The lineage diversification of these cells 
seems to require a humorally directed repro- 
gramming of their phenotype, v^rith the in- 
duction of an astrocytic intermediary on the 
way to neurogenesis. In the present study, 
adult human WMPC^ did not seem to require 
any such reprogramming or transdlfferentia- 
tlon to achieve multlllneage competence. 
Similarly, they did not seem to pass through 
an intermediate astrocytic stage before gener- 
ating neurons, oligodendrocytes and astro- 
cytes. Indeed, after their acute isolation and 
xenograft, A2B5-defined WMPCs were able to 
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generate all major neural phenotypes in vivo and in vitro, without 
any exogenous growth factor exposure. Nevertheless, because an 
average of 7% of A2B5-sorted white-matter cells co-expressed 
GFAP (data not shown), it is possible that some WMPCs exhibit 
astroglial features at some point during their ontogeny, much 
like subventricular neural progenitor cells^". This categoriza- 
tion notwithstanding, our results suggest that the WMPCs of the 
adult human brain are fundamentally tissue-specific progenitor 
cells that are tonically restricted to glial lineage by the local 
parenchymal environment, and do not require specific pheno- 
typic reprograrmning for neuronal differentiation. 

These data suggest that adult human WMPCs constitute a 
population of parenchymal glial progenitor cells whose in situ 
fate Is restricted by the local white-matter environment. Yet the 
progenitor cell pool of the adult white matter may be heteroge- 
neous, and it is not clear whether all WMPCs have the same on- 
togeny or fate potential^^, A minority of multipotential 
progenitor cells might still persist among a larger pool of more 
fundamentally lineage-restricted glial progenitors'*. These 
parenchymal multipotent progenitors may constitute a rela- 
tively rare subpopulation, more akin to persistent stem cells 
than to any lineage-restricted derivatives^*-^. In this regard, al- 
though we did not detect telomerase activity In sorted WMPCs, 
if the clonogenic portion of these represents only a small frac- 
tion of the total progenitor pool, then their numbers might have 
been below the detection threshold of our TRAP assay. Further 
study of the heterogeneity of the white-matter progenitor cell 
population, and of the lineage competence of its constituent 
phenotypes, will be needed to detine the spectrum of progenitor 
cell types in the adult brain. These considerations aside, multi- 
potential and neurogenic progenitors are abundant in the adult 
human white matter and are both extractable and expandable. 
These cells may prove to be important agents for both induction 
and implantation strategies of cell-based neurological therapy. 

Methods 

Tissue dissociation and culture. Adult subcortical white matter was surgi- 
cally obtained from 21 patients, including 14 undergoing epileptic resec- 
tions (age 1-50 years; 7 males and 7 females), one undergoing aneurysmal 
repair (69-year-old male), 2 undergoing resections of a noncontiguous dys- 
plastic focus (20-ye3r-old male and 36-year-old female) and 4 undergoing 
traumatic temporal lobe decompressions (17-67 years old; all males). 
Samples were obtained from patients who consented to tissue use under 
protocols approved by the New York Hospital-Cornell and Columbia 
Presbyterian Hospital Institutional Review Boards. The samples were dis- 
sected and dissociated to single-cell suspensions using papain and DNase 
as described^" ". The cells were then suspended in DMEIV1/F1 2/N1 with ei- 
ther bFCF (20 ng/ml; Sigma, St. Louis, Missouri) alone or bFCF with NT-3 
(2 ng/ml; R&D Minneapolis, Minnesota) and PDCF-AA (20 ng/ml; Sigma), 
and plated in 100-mm suspension culture dishes (Corning, New York). 

Magnetic separation of A2B5^ ceils. The number of viable cells was deter- 
mined using calcein (Molecular Probes, Eugene, Oregon) 24-48 h after dis- 
sociation. The cells were then washed and incubated with A2B5 supematant 
(clone 1 05; American Type Culture Collection, Manassas, Virginia) for 30-45 
min at 4 *C, washed 3 times with PBS containing 0.5% BSA and 2 mM EDTA, 
and incubated with microbead-tagged mouse-specific rat IgM (1 :4; Miftenyi 
Biotech, Bergisch Cladbach, Germany) for 30 min at 4 •C. The A2B5* cells 
were washed, resuspended and separated using positive selection columns, 
type MS* RS* or LS* VS* (magnetic cell sorting (MACS); Miltenyi Biotech). 
For flow cytometry of matched samples, cells were incubated in FITC-labeled 
mouse-spedfic goat IgM at 1 :50 before FACS. 

Transfectlon and sorting. Samples were transfected with pCNP2:hCFP 
after 2-6 d in vitro, using 2 \ig of plasmid DNA and 10 jil of Lipofectin 



(Cibco, CaHsbad, California) as described'-^^". Sorting for pCNP2:hCFP 
and A2B5 immunofluorescence was performed on a Becton- Dickinson 
FACS Vantage (San Diego, California), also as described*'^". Untransfected 
and IgM-exposed control cells were used to calibrate background; a false- 
positive rate of 1 % was accepted as cutoff. 

Generation of primary and secondary spheres. A2B5* and A2B5-de- 
pleted white-matter cells were distributed to a 24-weil plate directly after 
sorting, at 100,000, 50,000, 25,000, 10,000, 5,000 and 1,000 cells/ml 
with 0.5 ml/well of DMEM/F1 2/N1 with bFGF/NT3/PDCF-AA. The resulting 
WMPC-derived neurospheres were passaged at the 50- to 100-cell stage, 
by dissociation to single cells with trypsin and EDTA. The cells were plated 
at 3,000 cells/well. Three weeks later, the resultant secondary spheres were 
either dissociated and passaged again as tertiary spheres, or plated into 2% 
FBS with 20 ng/ml brain-derived neurotrophic factor on a polyomithine 
and fibronectin substrate and fixed 2 weeks later. 

LentWIral tagging and lineage analysts. A2B5-sorted cells were infected 
2-5 d after separation with lentivirus (1 0" PFU/ml) expressing GFP under 
CMV promoter control and a WPRE5 post- transcriptional regulatory ele- 
ment^*". The lentivirus was generated by co-transfecting plasmids 
pCMV/DR8.91, pMD.C, and pHRCMVCFPwsin into 293T cells as de- 
scribed"*. A2B5-sorted cells were exposed to lentivirus for 24 h in poly- 
brene-supplemented medium (8 jig/ml), then passaged into fresh medium 
in 24-weII plates. GFP expression by tagged cells was observed within 2 d. 
The primary spheres that arose in these cultures were dissociated 3 weeks 
later and replated at 3,000 cells/well; secondary spheres arose from these 
within 2 weeks. 

TRAP assay. Telomerase activity was determined using the TRAP assa/' 
described in detail in the material accompanying Supplementary Figure 1 
online. 

In utero transplantation. Transuterine xenograft into El 7 rat fetuses was 
performed as described^' ". Some cells were injected within 24-48 h after 
sorting and others after 10dm vitro in FGF2, PDGF-/^ and NT3. One 
month after implantation, the animals were perfusion-fixed by 4% 
paraformaldehyde. Experiments were conducted with the approval of the 
Institutional Animal Care and Use Committee of the Weill Medical College 
of Cornell University. 

Immunocytochemlstry. Xenografted rat brains were cryosectioned at 1 5 
(im, penneabilized with PBS, 0.1% saponin and 1% NCS, and blocked with 
PBS, 0.05% saponin and 5% NCS, each for 30 min. Sections were labeled 
with HNA-specific mouse antibody (1 :50; Chemicon, Temecula, California), 
then immunostained with pill-tubulin-specific antibody Tuji (1:600; 
Covance, Princeton, New jersey), MAP2-specific antibody AP-20 (1:50; 
Sigma), HuC/HuD-specific mouse monoclonal antibody 1 6A1 1 (25 jig/ml; 
H. Furneaux, Memorial Sloan-Kettering Cancer Center, New York), CAD67- 
specific rabbit antibody (1 :1 00; Chemicon), GFAP-specific mouse antibody 
SMI 21 (1:1,000; Stemberger, LuthervilJe, Maryland), GFAP-specific rabbit 
antibody (1:400; Sigma), CNP-specific mouse antibody SMI 91 (1:1000 
Stemberger), human nestin-specrfic rabbit antibody (1 :200; Chemicon), or 
doublecortin-specific rabbit antisera (1:100; C. Walsh, Harvard Medical 
School, Boston, Massachusetts). The sections were incubated with anti- 
body overnight at 4 <*C. Species- and isotype-speciflc fluorescent secondary 
antibodies were applied at 1 :1 00 for 1 .5 h at room temperature. 

04 and A2B5 were immunolabeled in vitro as described'. For multiple- 
antigen labeling, 04 was localized on live cells that were then fixed and 
stained for plll-tubulin, MAP2, GFAP, Hu, GAD67 or BrdU. 04 supematant 
(R. Bansal and S. Pfeiffer, University of Connecticut Health Center, 
Farmington, Connecticut) was used at 1 :1 00 for 40 min at 4 *C. Antibodies 
against plll-tubulin, MAP-2, GFAP and BrdU (BrdU -specific rat antibody; 
1 :200; Harian, Indianapolis, Indiana) were incubated overnight at 4 *C. 
Fixed cultures were counterstained with DAPI (10 \ig/m\; Molecular 
Probes). 

Confocal imaging. In the xenografted brains, single cells that appeared co- 
labeled for both human- and cell-specific markers were evaluated by confo- 
cal imaging as described" To be deemed double labeled, cells were 
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required to have HNA-specific signal surrounded by neuronal or glial im- 
munoreactivity in every serially acquired 0.4.nnpi z-dimension optical sec- 
tion, as well as In each orthogonal side view thereof. 

Calcium Imaging. Outgrowths from both first- and second-passage 
WMPC-derived neurospheres were assessed 2-3 weeks after plating into 
BDNF-supplemented DMEM/F12/N1 with 2% FBS. These mixed neuronal 
and glial outgrowths were challenged with 100 ^M glutamate or 60 mM 
potassium. Cytosolic calcium imaging was conducted using confocal mi- 
croscopy of cultures loaded with Fluo-3 acetoxymethylester (Molecular 
Probes)" "'*'. We previously reported that adult progenitor-derived human 
neurons showed a mean calcium rise of >400% in response to 60 mM 
potassium in vitro, compared with glial responses of <20%'*. In this study, 
we assigned neuronal identity to cells with ^2 -fold calcium elevations to de- 
polarization. 

Electrophyslology. Sister cultures to those subjected to calcium imaging 
were assessed by whole-cell patch-clamp analysis. Whole-cell voltage- 
clamped recordings of fiber-bearing cells were conducted and analyzed as 
described'^". A holding potential of -60 mV and voltage steps of 10 mV 
with 100-ms durations were applied to the recorded cells through the 
patch electrodes. Signals were sampled every 50 >is. 

Note: Supplementary information is available on the Nature Medicine 
website. 
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Fetal and adult human oligodendrocyte progenitor cell 
isolates myelinate the congenitally dysmyelinated brain 

Martha S Wind^em^ Marta C Nunes^ William K Rashbaum^, Theodore H Schwartz^, Robert A Goodman^ 
Guy McKhann II*, Neeta S Roy^ & Steven A Goldmaii**^ 



Both late-gestation and adult human forebrain both contain large 
numbers of oligodendrocyte progenitor cells (OPCs). These cells 
may be Identified by their A2B5^'1>SA-NCAM- pheno^ (positive 
for the early oligodendrocyte marker A2B5 and negative for the 
polystalylated neural cell adhesion molecule). We used dual-color 
fluorescence-activated cell sortlr?g (FACS) to extract OPCs from 21- 
to 23-week-old fetal human forebrain, and A2B5 selection to 
extract these cells from aduK virhite matter. When xenografted to the 
forebrains of newborn shiverer mice, fetal OPCs dispersed 
throughout the white matter and developed into oligodendrocytes 
and astrocytes. By 12 weeks, the host brains showed extensive 
nriyelin production, compaction and axonal myelination. Isolates of 
OPCs derived from adult human white matter also myelinated 
shiverer mouse brain, but much more rapidly than their fetal 
counterparts, achieving widespread and dense myelin basic protein 
(MBP) expression by 4 weeks after grafting. Adult OPCs generated 
oligodendrocytes more efficiently than fetal OPCs, and ensheattied 
more host axons per donor cell ttian fetal cells. Both fetal and adult 
OPCS phenotypes mediated the extensive and robust myelination 
of congenitally dysmyelinated host brain, although their differences 
suggested their use for different disease targets. 

A broad range of pediatric leukodystrophies and storage diseases mani- 
fest with myelin failure or loss. Recent studies have focused on the use of 
transplanted oligodendrocytes or their progenitors to treat congenital 
myelin diseases. The myelinogenic potential of implanted brain cells was 
first noted in the shiverer mouse^'^. Shiverer is an autosomal recessive 
mutation; shi/shi homozygotes fail to develop MBP or compact myelin 
and die by 20-22 weeks. Transplanted fetal brain cclls^» primary^ and 
immortalized^ neural progenitors, and enriched glial progenitor cells^ 
can all myelinate shiverer axons, albeit typically with low efficiency. 
Similarly, rodent subventricular zone progenitors can engraft another 
dysmyelinated mutant* the myclin-deficient rat, after perinatal adminis- 
tration*®*^ ^ Indeedi all of tfiese studies suggest the feasibility of myelinat- 
ing congenitally dysmyelinated brain, even though none of the cell 
sources used did so efficiently. 

On this basis, we asked whether highly enriched populations of OPCs 
directly isolated from the human brain might be used as more effective 



substrates for cell-based therapy of congenital dysmyelination. 
Specifically, we postulated that human OPCs, v^ether derived from the 
fetal brain during its period of maximum oligoneogenesis, or from the 
adult subcortical white matter^^*", could mediate large-scale myelina- 
tion of a congenitally dysmyelinated host. We report here that both fetal 
and adult human OPCs, highly enriched by sur£ice antigen-based FACS, 
were capable of widespread and high-effidency myelinatioa of the shiv- 
erer mouse brain after perinatal xenograft We also report significant dif- 
ferences in the behavior of fetal and adult-derived OPCs, which suggests 
that they may be useful in treating different specific disease targets. 

Cells dissociated from the late second-trimester human ventricular 
zone (21-23 weeks gestation) were first magnetically sorted to isolate 
A2B5'^ cells including oligodendrocytic and neuronal progenitor 
ccQs. Because PSA-NCAM is expressed by immature neurons at this stage 
of development*'', we dien used FACS to deplete PSA-NCAM^ neurons 
fi-om the larger A2B5'*' cell population. This yielded a subpopulation of 
A2B5*PSA-NCAM" cells, vviiich defined our oligodendrocyte progenitor 
pool. Two-color FACS showed that the A2B5"^PSA-NCAM~ fraction con- 
stituted 15.4 ± 4.8% of the cells in samples from the 21- to 23- week ven- 
tricular zone (rt = 5; Supplementary Figure 1 online). Of these 
A2B5*PSA-NCAM- cells. 76.1 ± 0.5% expressed oligodcndrocytic 04 by 
1 week after FACS, v^ereas ordy 7.5 ± 0.3% expressed astrocytic glial fib- 
rillary acidic protein (GFAP) and only 2,0 ± 1.3% expressed neuronal [3- 
111 tubulin. These data support the glial restriction and oligodcndrocytic 
bias of sorted A2B5+PSA-NCAM- cells. Because we achieved higher net 
yields with immunomagnetic separation of A2B5''' cells followed by 
FACS depletion of NCAM+ cells, compared with two-color FACS. we 
used this technique for progenitor isolation. 

Homozygous shi/shi mice were injected intracallosally with fetal pro- 
genitor cell isolates on either their day of birth (PO) or on postnatal day 1 
(PI), and later killed at 4, 8, 12 or 16 weeks of age. None of the animals 
were immunosuppressed; we relied on perinatal tolerization to ensure 
graft acceptance* The injecdons resulted in substantial engrafUnent, 
defined as ^100 ceUs per coronal section at three rostrocaudal levels sam- 
pled >] 00 mm apart in 34 of the 44 neonatal mice injected for this study 
(25 of 33 injected widi fetal human OPC, and 9 of the 1 1 injected with 
adult-derived OPCs). By 12 weeks of age, the recipients showed donor 
engraftment throughout the callosum and capsular and commissural 
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white matter, esctending caudaOy to the basis pontis (Fig. la-e). During 
this time, cell division among the engrafted progenitors, though initiaDy 
high at 4 weeks, fell to relatively low and stable levels by 8 and 12 weeks 
(Fig. lf,g). The fraction of human donor ceils that incorporated BrdU 
during the 48 h before mice were killed dropped from 42 ± 6.1% at 4 
weeks to 8.2 ± 2.4% at 1 2 weeks. 



Figure I Fetal human OPCs disperse rapidly to infiltrate the forebratn. 
(a-e) Human ceils were localized by immunostaining for hNA. Low-power 
fluorescence images of coronal section of forebrain(b-e) were collected at 
representative anteroposterior levels as indicated in schematic (a; ref.25) 
Engrafted cells are shown in red (b-e). (f) Immunofluorescent detection of 
BrdU (green) and hNA (red) 4 (top) and 12 (bottom) weeks after xenograft of 
human OPCs into shiverer mice. Arrows mdicate mitotic human OPCs 
(BrdU*hNA*). (g) Regression plot of mitolically active donor cells as a 
function of time after perinatal implant. Rate of BrdU incorporation declined 
according to the exponential regression y~ S3Ae^^^', with correlation 
coefficient f« -0.87 (P= 0.012). Scale bar, 3 mm (b-e) or 50 jim (f). 



During this same period, many of the fetal progenitors matured into 
myelinogcnic oligodendrocytes, as indicated by their expressk)n of MBP. 
At 4 weeks, no MBP was detectable in 1 0 of 11 animals, despite widespread 
cell dispersion; scattered MBP* cells were noted in one mouse. At 8 weeks, 
patchy fod of MBP e:q>res5ion were noted in four of seven mice, and by 1 2 
weeks, widespread MBP expression was noted throughout the forebrain 
white matter traas in five of seven mice. By this time, the engrafted mice 
typically expressed MBP throughout the entire corpus caUosum, as well as 
throughout the fimbria and internal capsules (Fig. 2a-d). Because shiverer 
mice express only the first exon of the Mbp gene^, and hence have no 
immunodetectable MBP, any MBP detected in these recipients was neces- 
sarily donor-derived^. In addidon, optical sectioning confirmed that the 
MBP+ cells were of human origin, in that each MBP^ profile was associ- 
ated with a human nuclear antigen (hNA)* soma (Kg. 2c,e-h). 

We next asked whether donor-derived myelin efifectively wrapped host 
axons. We used confocal imaging and electron microscopy to assess 
axonal ensheathment and myelin compaction, respectively. Confocal 
analysis was first done on the brains of three shiverer mice that were 
implanted on PI with 100,000 fetal human OPCs each, and sacrificed at 
1 2 weeks. Foci of dense MBP expression were assessed by confocal imag- 
ing, after immunolabeling for hNA and neurofilament (NF) protein to 
detect donor-derived cells and host shiverer axons, respectively. We found 



Figure 2 Engrafted human OPCs myelinate an 
extensive region of the forebrain. (a,b) MBP 
expression (green) by sorted human fetal OPCs 
implanted into homozygous shiverer mice. Large 
regions of the corpus callosum were nriyetinated 
by 12 weeks, a and b are two different mice, 
(c) Human 0P(^ migrated to and myelinated 
fibers throughout the dorsoventral extents of the 
internal capsules, resulting In widespread 
forebrain remyelination after a single perinatal 
injection, (d) MBP expression (green) in engrafted 
shiverer mouse callosum 3 months after perinatal 
xenograft was associated with human hNA^^ donor 
cells (red). (•) Confocal optical sections of 
implanted shiverer mouse callosum, with hNA*^ 
donor cells (red) surrounded by MBP (green). 
Human cells (arrows) were found within 
meshwork of MBP* fibers. Right three images, 
taken 1 ixm apart, were merged to form left 
image, (f) Striatocallosal border of shiverer mouse 
brain. 3 months after perinatal engraftment with 
human fetal OPCs (blue). Donor-derived MBP* 
oligodendrocytes and myelin (red) are evident in 
the corpus callosum, while donor-derived GFAP'*' 
astrocytes (green) predominate on the striatal 
side. Scale bar, 1 mm (a-c). 100 urn (d). 20 um 
(e) or 200 »im (f). 
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that the human progenitors generated mydinating oligodendrocytes in 
great numbers. Of the recipients scored, 1 1.9 ± 1.6% (mean ± &,esn.) of 
NF* host callosa] axons were surrounded by MBP inununoreactivity (« = 
3 mice; three fields scored per animal; Fig* 3ar<). We next used electron 
microscopy to verify that host axons were fiilly ensheathed by donor- 
derived oligodendrocytes, and that the latter generated compact myelin. 
Because MBP is required to compact consecutive layers of myelin 
together, its expression is required for the major dense line of mature 
myelin. Myelin in MBP-defident shiverer mice did not show more than a 
few loose wrappings and lacked major dense lines (Fig. 3d)« whereas 
shi/shi graft cedpients showed compact myelin with major dense lines 
(Fig. 3e-rh). In a sample of MBP* fields (n - 50) denved from two mice 
killed 16 weeks after perinatal implant, 7.4% of callosal axons (136 of 
1,832 sampled) had donor-derived myelin sheaths, as defined ultrastruc- 
turally by their major dense lines. Thus, engrafted fetal human OPCs effi- 
dently differentiated into myelinc^nic oligodendrocytes. 

Some transplanted fietal OPCs differentiated into GFAP* astrocytes as 
early as 4 wedu after implantation. In white-matter regions sampled on 
the basis of high donor-cell engraftment, 12.7 ± 4,3% of fetal donor- 
derived ccUs expressed astrocytic GFAP at 12 weeks, and 10.2 ± 4.4% of 
donor cdls expressed MBP. No heterotopic |3-III tubulin- or MAP-2- 
defined neurons of donor derivation were noted at 4, 8 or 1 2 weeks after 
implant (n = 33 total) . Nevertheless, 40.3 ± 4.2% of donor cells expressed 
SlOO-p, which is expressed by astrocytes and young oligodendrocytes, 
and ncstin was expressed by 47.3 ± 4.2%» suggesting that a large propor- 
tion of donor cdls persisted as glial progenitors after engraftment Fetal 
OPCs were recruited as oligodendrocytes or astrocytes in a context- 
dependent manner, giving rise to both oligodendrocytes and fibrous 
astrocytes in the presumptive white maner, but only to GFAP* astrocytes 
in the gray matter (Fig. 2f and Supplementary Hg, 2 online). 



Figure 3 Axonal ensheathment and myelin 
compaction by engrafted human OPCs. 

(a) Confocal micrograph showing triple 
immunostain for MBP (red), human nuclear 
antigen (HNA; blue) and NF (green). All MBP 
immunostaining is derived from sorted human 
OPCs, whereas NF'*' axons are those of mouse 
host. Arrows indicate segments of mouse axons 
ensheathed by human otigodendrocytic MBP. 

(b) Composite of optical sections through 
corpus callosum of shiverer recipient killed 12 
weeks after fetat OPC implantation. Cc) Higher 
magnification of area indicated by * in b. MBP 
immunoreactivtty (red) surrounds ensheathed 
axons (green) on both sides, (d) Electron 
micrographs of sagittal section through corpus 
callosum of adult shi/shi homozygote. Shiverer 
axons typically have single loose wrapping of 
uncompacted myelin, such that major dense 
lines do not form, (e-h) Representative 
electron micrographs of 16-week-old 
homozygous shiverer mice implanted with 
human OPCs shortly after birth. These images 
show resident shiverer axons with densely 
compacted myelin sheaths, h, enlargement of 
area indicated by * in g. Major dense lines are 
visible between myelin lamellae, providing 
electron microscopic confirmation of 
myelination by engrafted human OPCs. Scale 
bar, 20 |i.m (a,b). 5 pLcn (c) or 1 ^m (d-h); d, f. 
g use bar in e. 



We next asked whether adult-derived OPCs differed from their fetal 
counterparts with respect to their dispersal, myelinogenic capacity, or 
time courses thereof. We implanted two litters of PO shiverer mice with 
A2fi5-sorted OPCs extracted from adult human subcortical white mat- 
ter. The mice were killed after 4, 8 or 12 weeks, and their brains were 
stained for HNA and either MBP or GFAP. Nine of 1 1 mice were success- 
fully engrafled. The adult OPCs achieved widespread and dense MBP 
expression by 4 weeks (Fig. 4ar-d); at 12 weeks, 39.5 ± 16.3% of adult 
OPCs expressed MBR In contrast, none of the hNA+ firtal donor OPCs 
expressed MBP 4 weeks after engrafbnent, and only 10.2 ± 4.4% did so by 
12 weeks (P < 0.001 by two-tailed f-test comparing the proportion of 
MBP+ cdls in fetal and adult-derived grafts; Fig. 4a-c). These results indi- 
cate that engrafted adult OPCs were at least four times more likely to 
become oligodendrocytes and develop myelin than their fetal counter- 
parts. Essentially no adult OPCs became astrocytes in the recipient white 
matter (none developed GFAP expression), whereas 1 2.7 ± 4.3% of fetal 
OPCs did so by 12 weeks. Thus, whereas nominally oligodendrocytic 
progenitors derived from the fetal brain acted as glial progenitors, adult 
OPCs behaved in a more restricted manner, largely generating either 
myelinogenic oligodendrocytes or persistent progenitors in recipient 
white matter- The more rapid mydination by adult OPCs was refleaed 
ultrastructurally, as the major dense lines of compact myelin were readily 
evident in mice 6 weeks after implantation with aduk OPCs at birth 
(Fig. 4e), No such evidence of myelin compaction was noted in mice 
implanted with ktsd OPCs until 12-16 weeks postnataUy. 

Despite the apparent competitive advantage of adult OPCs, substan- 
tially more fetal than aduh donor ceDs became engrafted in the recipient 
brains (Fig. 4f). At the midline of the corpus callosum. the region of max- 
imal engraftment, wc scored 1 .123 ± 205.6 hNA+ fetal donor cells/mm^. 
Of these, 11 7 ± 43.7 were MBP^, and 9.8 ± 3.1% of fetal donor cells dif- 
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ferentiated into myelinating oligodendrocytes by 12 weeks. In contrast, 
only 244 ± 182.1 donor cells/mm^ were noted in the callosal midline of 
shiveier mice implanted with adult OPCs. Yet 81 ± 59.7. or 38.9 ± 1 2.9%, 
of these cells had developed into MBP"*^ oligodendrocytes by 12 weeks 
(P < 0.001 by two-tailed r-test comparing the proportion of MBP* cells 
in fetal and adult grafts; Fig.4g). In addition, whereas 12.7 ± 4.3% of fetal 
donor cells matured to express GFAP, no adult donor cells gave rise to 
GFAP"*" astrocytes, again suggesting a stronger bias toward the oligoden- 
drocytic phcnotype by the adult progenitors. Thus, besides maturing 
more quickly than fetal OPCs, adult OPCs gave rise to oligodendrocytes 
in much higher proportions than their fetal counterparts. 

To ^e&s whether adult and fetal OPCs differ in the extent to which 
they eosheath axons, we scored the numbers of axons myelinated by 
each donor OPC, as defined by confocal -verified MBP* wrapping of 
NF* axons. These absolute values were then expressed as ratios to total 
number of donor cells and to donor-derived MBP"*^ oligodendrocytes 
per field. When assessed 12 weeks after perinatal graft, adult-derived 
OPCs enshcathed many more host axons per donor cell than their fetal 
counterparts, an effect that persisted even after we limited our analysis to 
the number of ensheathed axons per MBP* donor cell (Fig. 4h). In each 
case, the difference between fetal and adult donor ensheathment efifi* 
ciency was significant by Mann-Whitney analysts (P < 0.02). Thus, 
adult-derived OPCs matured to ensheath more axons per donor cell 
than their fetal counterparts. 

These results indicate that isolates of human OPCs sorted from the 
highly oligoneogenic, late second-trimester forebrain, as well as from 
adult subcortical white matter, can broadly myelinate the shiverer 
mouse brain, a genetic model of perinatal leukodystrophy. When intro- 



duced as highly enriched isolates, both fetal and adult-derived OPCs 
spread widely throughout the presumptive white matter, ensheathed 
resident mouse axons and formed antigenically and ultrastruaurally 
compact myelin. Donor-derived myelinogenesis was geographically 
extensive and was observed throughout all white matter regions of the 
telencephalon. After implantation, the mitotic expansion of the cells 
slowed over time (Fig. Ig), and neither undesired phenot>'pcs nor 
parenchymal aggregates were generated. Both fetal and adult-derived 
OPCs were capable of remyeiinating mouse axons, and neither gener- 
ated heterotopic neurons. We also noted some marked differences 
between fetal and adult-derived OPCs. Whereas fetal OPCs were highly 
migratory, they myelinated slowdy and inefficiently, and cogenerated 
astrocytes in recipient white matter as readily as they did myelinogenic 
oligodendrocytes. In contrast, adult OPCs migrated over shorter dis- 
tances, but myelinated more rapidly and in higher proportions than did 
their fetal counterparts, with virtually no astrocytic coproduction. On 
an individual basis, each adult OPC-der ived oligodendrocyte 
ensheathed and myelinated substantially more axons than did its fetal- 
derived counterparts (Fig. 4g). 

Together, these observations suggest that isolates of human glial pro- 
genitor cells may provide effective cellular substrates for remyeiinating 
the congenitally dysmyelinated or hypomyelinated brain. In practical 
terms, the choice of stage-defined cell type may be dictated by both the 
availability of donor material and the specific biology of the disease tar- 
get Their differences notwithstanding, fetal and adult-derived human 
OPC isolates were capable of achieving widespread and efficient myelina- 
tion of the dysmyelinated brain, suggesting new strategies for the treat- 
ment of the congeni^ leukodystrophies and myelin disorders. 
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Figure 4 Fetal and adult OPCs differed in speed and efficiency of 
myelinogenesis, (a) Adult-derived human hNA+ OPCs (red) achieved 
dense MBP expression (green) by 4 weeks after xenograft, (b) In contrast, 
fetal OPCs expressed no detectable MBP at 4 weeks, with such 
expression not noted until 12 weeks, (c) Low-power and high-power 
(inset) coronal images of caHosal-fimbrial junction of shiverer 
homozygote, showing dense myelination 12 weeks after perinatal 
engraftment with adult human OPCs. (d) Adutt OPCs developed mature 
myelin ultrastructure and major dense lines within 5 weeks of perinatal 
injection. Myelin structure seen here was analogous to that of fetal OPCs 
assessed 12 weeks after implant. Mice injected with fetal OPCs showed 
no such evidence of myelination at this early time point, (e) Distribution 
of hNA+ adult OPCs (red), 4 weeks after imptantation into shiverer 
homozygotes. (f) Proportion of adult and fetal OPCs that developed MBP 
expression 12 weeks after transplant, (g) Engraftment of fetal and adult 
OPCs. P< 0.05: **, P< 0.005 by two-tailed Student Mest. 
Ch) Numbers of MBP-ensheathed NF* axons per fetal or adult donor OPC. 
measured as a function both of total donor cell number (left) and MBP*^ 
donor-derived oligodendrocytes (right). *, P < 0.02 for fetal compared 
with adult OPCs. by Mann-Whitney analysis. Scale bar. 100 ^m (a.b), 
1 mm (c); 30 tun (inset) or 1 (im (d). 
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METHODS 

Cells. Fetal OPCs were extnurted fiom 2 1 - to 23-wcck-old human fetuses obtained 
at abortion. The forebrain ventricular and subventricular zones were dissected free 
and chilled on ice. The minced samples were dissociated using papain and DNase 
as described^*, always within 3 h of extraction, and maintained overnight in 
DMEM/F12/N1 with 20 ng/ml fibroblast growth factor. Adult-derived OPCs 
were collected from subcortical white matter samples obtained at surgery, as 
described^^'^. The eight aduh tissue samples used were derived largely from 
patients undergoing temporal lobe resection for medication-refractory epilepsy. 
No tissues were accepted from patients with known neoplastic disease. Both fetal 
and adult samples were obtained with consent* using protocols approved by the 
institutional review boards of Cornell-New York Presbyterian Hospital, and the 
Albert Einstei;i College of Medicine and Jacobi Hospital. 

Sorting. The day after dissociation, cells from fetal samples were incubated in a 
1:1 ratio with monoclonal antibody A2B5 supernatant (clone 105, American 
Type Culture Collection) for 30 min, then washed and labeled with fluorophore- 
or microbead- tagged rat antibody to mouse IgM (Miltenyi Biotec). In some 
instances, two-channel FACS was used to define the proportions and homogene- 
ity of A2B5- and PSA-NCAM- defined subpopulations, using a FACSVanUge 
SE/Turbo (fiecton Dickinson) as described*-*'^*. For preparative sorting before 
transplantation, A2B5'*' cells were prepared by mi^netic separation (Miltenyi 
Biotec) according to the manu^cturer's protocol. The bound cells were eluted 
and incubated with mouse antibody to PSA-NCAM (1:25; PharMingen) for 
30 min, then with phycoerythrin-tagged secondary antibody (1:200). The PSA- 
NCAM"^ population was then removed by FACS, leaving a highly enriched pool 
of A2B5"^ PSA-NCAM" cells. This PSA-NCAM inmiunodepletion step was omit- 
ted for adult samples, which were sorted on the basis of A2B5 only* After sort- 
ing, both fetal and aduh cells were maintained for 1-7 d in DMEM/F12/N1 with 

20 ng^ml basic fibroblast growth factor (20 ng/ml) until implantation. 

IVanspIantation and tagging. Homozygous shiverei mice were bred in our 
colony. Within I d of birth, pups were cryoanesthetized for cell delivery, Donor 
cells (I X 10') in 2 III of HBSS were injected through a pulled glass pipette and 
inserted through the skull into the presumptive corpus callosum. Transplants 
were directed to the corpus callosum at a depth of 1.0-1.2 mm, depending on the 
weight of thepup, whidi varied from l.O to 1.5 g. Pups were killed 4, 8, 12 or 16 
weeks thereafter. For some experiments, recipient mice v^-cre injected for with 
bromodcoxyuridine (BrdU; 100 jig/g as a 1 .5 mg/lOO solution) every 12 hours 
2 d before killing. 

Immimohistochemistry. Transplanted cells were identified using antibody 1281 
to htmian nuclei (Chemicon). monockinal antibody 91 to cyclic nucleotide phos- 
phodiesterase (CNP) protein (Stemberger and Meyer), rabbit antibody to S- 100 
(Sigma), rabbit antibody to human nestin (gift of H. Okano, Kelo University), 
Stemberger monoclonal antibody 31 1 to NF, Stemberger monoclonal antibody 

21 to human GFAP, rat antibody to BrdU (Harlan) and either Stemberger mono- 
clonal antibody 94 to MBP or rat antibody 7349 to MBP (Abeam), all as 
described''*^**-" 

Coofocal and election microscopy. Confocal imaging was done using an 
Olympus Fluoview mated to an DC70 invened microscope, as describcd^^. Argon 
laser lines were used to achieve three-channel immunofluorescence detection of 
fluorescein-, Tejcas red- and Cy5- tagged antibodies; the latter was then pseudocol- 
ored blue for presentation. For confocal quantification of ensheathment efficacy, 
shiverer axons were scored as cnshcathed when yellow index lines intersected 
NF"^ axon abutted on each side by MBP immuno reactivity. The proportion of 
ensheathcd axons was defined as the incidence of MBP'^NF*' axons divided by 
the total number of NF* axons ui each field. For electron microscopy, animals 
were perfused and post-fixed with 4% paraformaldehyde and 0.25% ghitaralde- 
hyde in 6% sucrose, then Vibratome-scctioned as alternating thick (400 \lm) and 
thin ( 100 \im) sections. The latter were immunostained for MBP. Thick sections 
adjacent to thin sections with MBP expression were then processed in 1% osmium 
and 1.5% ferricyanide, stained with 1 .5% uran>4 acetate, embedded in Epon. cut as 
100- nm thin sections onto Fonnvar-coated grids, stained with lead citrate and 
visualized using a J£OL100 electron micmscope^^. 

Note: Supplementary information is available on the Nature Medicine webiitc 
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OLIGODENDROCYTE PROGENITOR CELLS 
OF T HE ADULT MAMMALIAN B RAIN 

Neural Progenitor Cells of the Adult Brain 

Over the past few decades, historic notions of the structural immutability and cellular 
constancy of the adult vertebrate brain have been largely dispelled. Neurogenesis was first 
demonstrated in the rodent olfactory bulb and the hippocampus (Altman arid Das, 1965, 
1966; Kaplan and Hinds, 1977; Kaplan, 1985) and the songbird vocal control centers 
(Goldman and Nottebohm, 1983; Nottebohm, 1985). The phenomenon of adult neuro- 
genesis has now been described throughout vertebrate phylogeny (Goldman, 1998), in- 
cluding monkeys (Gould ei aL, 1998) and humans (Eriksson ei aL, 1998; Kirschenbaum et 
aL, 1994; Pincus etaL, 1998). In all species yet examined, newly generated neurons seem to 
be generated from multipotential stem cells, the principal source of which appears to be the 
periventricular subependyma (SVZ) (Goldman et aL, 1993; Lois and Alvarez-Buylla, 
1993). In addition, restricted pools of mitotically competent but phenotypically biased 
neuronal progenitor cells appear to derive from these stem cell populations. These neu- 
ronally restricted pools include the anterior subventricular zone of the forebrain and its 
rostral extension through the olfactory subependyma, as well as the subgranular zone of 
the hippocampus, each of which give rise ahnost exclusively to neurons in vivo. However, 
persistent multipotential stem cells have been reported in cultures derived from each of 
these regions (Gage et aL, 1998), suggesting that the apparent neuronal restriction of these 
progenitor populations may reflect not the inherent lineage capacity of the cells, so much as 
local environmental signals biasing toward neuronal differentiation (Seaberg and van der 
Kooy, 2002). 

Besides these persistent neuronal progenitors and multipotential neural stem cells, 
more restricted lineages of glial progenitor cells also persist in the adult brain, in both 
the residual ventricular zone (Leyison and Goldman, 1993; Luskin, 1993), as well as 
dispersed throughout the subcortical and cortical parenchyma (Gensert and Goldman, 
1996; Levine et ai., 2001; Noble, 199 ; Reynolds and Hardy, 1997). Indeed, in contrast to 
the restricted distribution of neuronal progenitor cells and SVZ stem cells, oh'godendrocyte 
progenitor cells (OPCs) seem to be extraordinarily widespread in the adult mammalian 
brain. 
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Oligodendrocyte Progenitors of the Normal Adult Rodent Brain 

The principal class of OPCs in adult rodents is a bipotential astrocyte-oligodendrocyte 
progenitor ceU designated the 0-2A progenitor, by virtue of its generation in vitro of 
oligodendrocytes and type 2 astrocytes, the latter comprising the traditionally recognized 
fibrous astrocytes of the white matter. TTiese cells were initially isolated from the optic 
nerves of perinatal rats, as 0-2A progenitors (Raff a/., i983b). In neonatal rats, OPCs are 
characterized by expression of the GD3 and GQ gangliosides, the latter recognized by the 
monoclonal antibody A2B5, which has been used to identify this cell population (Noble et 
gl., 1992). Though similar progenitors were long ago reported in the adult optic nerve 
(Vaughn, 1969), the isolation of adult OPCs, or 0-2A^*^' progenitors, was only accom- 
plished relatively recently in rodents (Ffrench-Constant and Raff, 1986; Wolswijk and 
Noble, 1989). These cells have since been isolated from the adult rat ventricular zone, 
spinal cord, cerebellum, and subcortical white matter (Engel and Wolswijk, 1996; Gensert 
and Goldman, 1996; Levine et aL, 1993). 

Andgenic "Recogniticfn of Adult OPCs 

Litde is known about the natural history of the adult OPC in normal adults. In histological 
sections of the adult rodent brain, OPCs have mainly been identified by their expression of 
both NG2 chondroitin sulfate proteoglycan (Levine et aL, 1993; Nishiyama et al,, 1997) 
and the platelet derived growth factor-alpha receptor (PDGF-ocR). The expression of 
PDGF-aR and the NG2 epitope substantially overlaps in rats (Nishiyama et aL^ 1996; 
Pringle et aLy 1992). Moreover, a persistent popiilation of 04/NG2 co-expressing cells has 
been demonstrated in the adult rat cerebral cortex, effectively bridging the antigenic gap 
between early and committed OPCs (Reynolds and Hardy, 1997). On the basis of these 
studies, NG2-inunimoreactivity has been developed as a surrogate marker for parenchy- 
mal oligodendrocyte progenitor cells. In addition, adult-derived OPCs have several fea- 
tures that may allow them to be distinguished: Whereas the perinatal OPC utilizes vimentin 
as an intemediate filament and does not express the oligodendrocydc sulfatide recognized 
by Mab 04, its adult counterpart does not express vimentin, but does express 04 (Shi et aL, 
1998; Wolswijk and Noble, 1989; Wolswijk et ah, 1991). These parenchymal OPCs are 
present in both gray and white matter, and exist in vivo as extensively branched cells. The 
NG2 population represents as many as 5-8% of all the cdls in the adult rodent brain 
(Dawson et aLy 2000); this is congruent with earlier estimates that 5% of all glia in the optic 
nerve may be progenitors (Vaughn and Peters, 1968). 

Turnover 

OPCs in the adult brain may include both slowly dividing cells in normal parenchyma and 
a quiescent cell population that responds only to injiuy or demyelination. In vivo studies of 
the adult cerebellar cortex reveal the presence of slowly dividing OPCs with a mitotic index 
of 0.2 to 0.3% (Levine et al, 1993). Nevertheless, OPCs seem to constitute the main cycling 
population of the adult brain parenchyma. Bromodeoxyuridine (BrdU) labeling of the 
intact spinal cords of 13- to 14-week-old rats has shown that 10% of all cells in the white 
matter incorporated BrdU, of which 70% expressed NG2. In animals maintained for 
4 weeks after BrdU injection, BrdU-labeled astrocytes and oligodendrocytes were noted, 
indicating that the cycling NG2 cells would have generated both cell types (Homer et ai,, 
2000). In studies using retroviral labeling to mark dividing cells, 35% of the cycling cells in 
the adult cortex co-labeled with NG2, and these were distincUy present as clusters. 
Furthermore, these NG2-positive clusters doubled in size every 3 months (Levison et aL, 
1999), Using similar retroviral labeling techniques, the presence of cycling cells that 
preferentially give rise to oligodendrocytes has been shown in both the subventricular 
zone (SVZ) and subcortical white matter of adult rats (Gensert and Goldman, 1996; 
Levison and Goldman, 1993). 

Lineage Potential 

Previous studies had concluded that the perinatal OPC has a limited life span in vivo, which 
was attributed to a pattern of "exhaustive" symmetrical division and differentiation in 
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oligodendrocytes (Temple and Raff, 1986). Yet OPCs now appear to be maintained 
throughout life. This suggests that at least a fraction of OPCs may arise through a self- 
renewing, asymmetrical divisions, such that OPCs generate both differentiated progeny 
and themselves (Wren et aL, 1992). Indeed, adult OPCs of both rodents and hvraians retain 
their ability to generate oligodendrocytes and astrocytes over several generations in vitro 
(Tang et aL, 2000). 

It seems likely that perinatal OPCs are the source of adult OPCs. Using time-lapse 
microcinematography, it has been shown that "founder cells" exhibiting properties of 
perinatal OPCs eventually give rise to cells with the properties of adult OPCs (Wren et 
aL, 1992). As noted, just as repetitive passage of perinatal OPCs gives rise to cells with 
adult OPC-like properties (Wolswijk et aL. 1990), slowly dividing adult OPCs can respond 
to FGF and PDGF by assuming the more rapid expansion kinetics typical of perinatal 
OPCs. Together, these data argue that perinatal and adult OPCs constitute two points 
along the differentiation spectrum of a common lineage. Nonetheless, diversification 
within that lineage may nonetheless have resulted in substantial phenotypic heterogeneity 
among aduJt OPCs (Gensert and Goldman, 2001). 

Humoral Control of OUgoneogenesis 

Adult and F>erinatal OPCs share many commonalities in their responses to himioral growth 
factors, but nonetheless exhibit differential responses to both neural mitogens and differ- 
entiation agents. These include, but are by no means limited to, the following: 

J. Platelet derived growth factor, PDGF is perhaps the most prominent described 
oligotrophin and has been implicated in both the mitotic expansion of OPCs arid their 
initiation of terminal lineage commitment (Hart et al, 1989a; Noble et aL, 1988; Raff e/ a/., 
1988; Wolswijk et al., 1991). OPCs uniquely express high levels of PDGFa receptor, and 
can be specifically identified on that basis (Ellison and de Vellis, 1994; Fruttiger et a/., 1999; 
Hart et al^ 1989b). In response to PDGF, both perinatal and adult OPCs enter the mitotic 
cycle. However, cycling time differs m the two cell populations, in that adult OPCs 
have a slow, 3- to 4-day cell cycle, whereas perinatal OPCs divide daily (Noble et a!., 
1988); (Wolswijk et aL, 1991). In OPCs derived from the adult spinal cord, PDGF 
alone supports the slow mitotic expansion of OPCs, as the cells divide slowly 
and undergo asjonmetrical division, generating a differentiated oligodendrocyte and 
another progenitor (Engel and Wolswijk, 1996). However, in the presence of PDGF and 
FGF, adult OPCs accelerate their cycle progression, dividing rapidly and apparently 
symmetrically to yield additional progenitors. They then assume the bipolar morphology 
and A2B5 immunoreactivity of oligodendrocyte progenitor cells, but fail to generate 
oligodendrocytes without downstream inductive differentiation. As a corollary to this 
"perinatalization" of adult-derived OPCs, cultures of perinatal OPCs expanded over 
long periods of time in the presence of PDGF alone develop the cyclicity of adult OPCs 
(Tang aL, 2000). These results suggest that in rodents at least, perinatal and adult- 
derived OPCs represent points on a continuum of differentiative state, rather than discrete 
phenotypes 

2. Fibroblast growth factor, FGF differentially regulates OPC proliferation and differ- 
entiation in culture and modulates gene expression of its own receptors in a developmental 
and receptor type-specific maimer (Bansal et aL, 1996). Most in vitro studies show that 
bFGF is a major mitogen for cells in the oligodendrocyte lineage (Besnard et aL^ 1989; 
Eisenbarth et ai,, 1979). It has been shown to stimulate the proliferation of late progenitors 
and inhibit their terminal differentiation (Bansal and Pfeiffer, 1994; McKinnon et aL, 
1990). More important, it establishes the responsiveness to PDGF by up-regulating the 
expression of PDGF-oR (McKinnon et aL^ 1990). Most studies with adult OPCs show that 
bFGF is most mitogenic when used in combination with PDGF (Mason and Goldman, 
2002; Tang et al,, 2(K)0). Recently it has been shown that OPCs mamtained in the presence 
of bFGF eventually become resistant to replicative senescence (Tang et aL^ 2001). Besides 
its well-documented effect on OPCs, bFGF also induces the down-regulation of myelin 
genes, such as myelin basic protein (MBP), in mature oligodendrocytes without reverting 
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them to the progenitor phenotype or effecting reentry into the cell cycle (Bansal and 
Pfeiffer, 1997; Grinspan et al, 1993). 

i. Neurotrophin-S (NTS). Whether NT3 has proliferative or differentiative. effect on 
OPCs is yet unresolved. One study indicated that NT3, specifically in combination with 
PDGF, is proliferative for post-natal OPGs both in vitro and in vivo (Barres et aL, 1994b). 
Other studies, however, found that NT3 is not proliferative for adult OPCs aJone or in 
combination with PDGF and bFGF (Engel and Wolswijk. 1996; Ibarrola ef al„ 1996). 
Perhaps this differential response may' be a function of the different OPC-types that have 
been used for the two studies. In the contused adult spinal cord, NT3 has been shown to 
increase OPC proliferation and myelination (McTigue et aL, 1998). A recent in vitro study 
with OPCs from adult spinal cord dissociates indicates that NT3 induced myelination and 
the proliferation of 04-t-/01 -cells (Van and Wood, 2000). 

4, Neuregulin, The neuregulins are a family of soluble and transmembrane protein 
isoforms, of which glial growth factor 2 (GGF2) is a member (Adlkofer, 2000). 
The neuregulins act upon erbB receptors, in particular on the erbB2, 3, and 4 heterodimeric 
receptors (Buonanno and Fischbach, 2001). Perinatal OPCs divide in response to GGF 
provided cAMP levels are high, so that adenyl cyclasac and erbB stimulation may operate 
synergistically as glial progenitor mitogens (Shi a/., 1998). CanoU et aL observed a 
similar proliferative effect on 04*^/0 1~ progenitors (Canoll et a/., 1996). Adult OPCs 
respond to GGF2 as well, although their mitogenic activation by GGF2 appears to require 
the concurrent activation of the PDGF receptor, along with elevated cAMP. An interesting 
feature of neuregulins includes their induction of phenotypic reversion by differentiated 
oligodendrocytes (Canoll et al,, 1999). OPCs produce neuregulins (Raabe et aL, 1997) as 
well as respond to it (Shi et aL, 1998). Since they express full-length neureguiin erbB 
receptors, OPCs may utilize neuregulins as an autocrine factor, as well as a neuronally 
derived oligotrophin (Fernandez et aL, 2000). This is likely to obtain in the environment of 
the adult human white matter, from which oligodendrocytes have similarly been shown to 
produce neuregulins and express receptors to them (Cannella et aL, 1999; Deadwyler ei aL, 
2000). 

5. Triiodothyronine. When OPCs derived from optic nerves or cerebral hemispheres are 
cultured in the presence of T3, they inunediately stop dividing and differentiate into 
oligodendrocytes. In fact, the number of times an OPC can divide varies inversely with 
its concentration of T3, implicating T3 as an oligodendrocytic differentiation factor (Baas 
et aL, 1997). T3 seems to play a major role in controlling the timing of OPC differentiation 
(Barres et aL, 1994a). Accordingly, hypothyroid states have been associated with deficits in 
early myelination in neonatal cretinism, which may reflect a failure in T3-mediated OPC 
expansion. 

5. Insulin growth factor- J (IGF-J), During development, high levels of IGFl are ob- 
served just before active myelination commences (Bach et aL, 1991; Carson et aL, 1993). 
IGF-1 increases proliferation and survival, enhance differentiation, and modulate the 
expression of MBP in both OPCs and oligodendrocytes (Barres ef aL, 1992; McMorris 
and Dubois-Dalcq, 1988; Saneto et aL, 1988). 

Oligodendrocyte Progenitors of the Adult Huaian Brain 

The earliest evidence that the adult human brain harbors oligodendrocyte progenitors 
came from early studies of MS lesions. Histopathologically, these lesions were found to 
harbor regions of extensively remyelinated axons, as well as numerous free oligodendro- 
cytes (Moore et aL, 1985; Prineas and Connell, 1979; Prineas et aL, 1984). Subsequent 
studies identified populations of inunature cells expressing the neural carbohydrate epitope 
HNKl; these were postulated to comprise early oligodendroglia, although these early 
studies were unable to identify any definitive oligodendrocyte progenitor cell phenotype 
(Prineas et aL, 1989; Wu and Raine, 1992). 

PDGF-aR expressing OPCs have been shown in both MS lesions and surrotmding 
normal white matter (Scolding et aL, 1998). These PDGF-aR cells were found to be more 
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frequent in or near MS lesions compared to normal surrounding white matter (WM). and 
those near lesions were more often cycling, as revealed by immunoreactivity for Ki67, a 
marker of proliferation (Maeda et aL, 2001). Corroborating these observations with another 
marker of phenotype, the NG2 chondroitin sulfate proteoglycan was demonstrated in both 
normal adult human WM and MS lesions. As in their rodent counterparts, human NG2'^ 
cells were found to be extensively ramified. Cells morphologically similar to NG2'*' cells 
were reported to express PDGFhxR as well, although co-expression of the two by a 
common phenotype has yet to be directly demonstrated. 

Premyelinating oligodendrocytes — defined by their expression of proteolipid protein 
(PLP), and their contiguity with axons despite an absence of attendant ensheathment — 
have also been shown in such MS lesions (Chang et aL, 2002). Interestingly, NG2^ cells are 
virtually absent from lesions lacking premyelinating oligodendrocytes. This suggests that 
NG2"^ cells might be the source of these premyelinating oligodendrocytes. However, the 
NG2 chondroitin sulfate may not be specific to OPCs in the adult human brain, as 
microglial cells express or sequester high levels of NG2-IR (Pouly et ai,, 1999; also 
Nunes, Roy, and Goldman, unpublished observations). Indeed, in dissociates of both 
fetal and adult human brain tissue, most NG2'*' cells were microglial (Pouly et aL, 1999). 
To establish a more reliable marker of OPCs in adult human tissues. Scolding et aL thus 
assessed the phenotypic specificity of two cardinal markers of OPC phenotype in rodents, 
specifically the PDGF-a receptor and the A2B5 epitope represented by the GQ gangUoside. 
By scoring the incidence of both PDGF-aR"^ and A2B5-^ cells in tissue print preparations 
of adult human white matter. Scolding and colleagues determined that these markers 
recognize a common parenchymal progenitor cell population. On this basis, they were 
able to report the first estimates of the incidence of oligodendrocyte progenitor cells in the 
human white matter (Scolding et aL, 1999). 

Despite this wealth of histological assessment of parenchymal progenitor cells, relatively 
few studies have yet correlated the antigenic expression patterns of single parenchymal 
phenotypes with their lineage potential, either in vivo or in vitro. As a result, it remains 
unclear if the expression of markers such as GD3, NG2. A2B5, or PDGF-oR is specific to 
adult OPCs, or whether it instead is shared among different, already discrete lineages at 
similarly early points in their phenotypic specification. The uncertain lineage potential of 
histologically antigen-defined oligodendrocyte progenitor cells has derived in part from an 
historic inability to identify or isolate these cells from human brain tissues. An early 
attempt to identify oligodendrocyte progenitors in dissociates of adult human brain 
(Kim et a/., 1983) was followed by successful in vitro and in vivo demonstrations of 
, immature oligodendroglia, which were termed pro-oligodendrocytes because of their 
post-mitotic state. These cells were defined as being 04"^/A2B5'/GaIC" (Armstrong et al,, 
1992). Pro-oligodendrocyte§ were further characterized and found to express the PDGF- 
ctR in tissue, where they were estimated to constitute 2% of the total cell population 
(Gogate et aL, 1994). Subsequent studies of the adult human white matter in vitro revealed 
the presence of mitotic cells that could give rise to oligodendrocytes, though the identity of 
the precursor remained unclear (Roy et aL, 1999; Scolding et aL, 1995);. 

Humoral Control of Adult Human Oligodendrocyte Progenitor Cells 

Human and rodent OPCs differ not only in their antigenic expression patterns, as noted, 
but also as in their responses to humoral growth factors. Adult human OPCs do not 
proliferate in response to bFGF. PDGF, or IGF-l, each of which can act singly as a 
mitogen for rodent OPCs (Armstrong et aL, 1992; Gogate et aL, 1994; Prabhakar al 
1995). Instead, m human OPCs, IGF-l has been shown to increase the proportion of post^ 
mitotic pro-oligodendrocytes and to promote the maturation of these cells as oligodendro- 
cytes (Armstrong et aL, 1992). Human OPCs also seem to be mitotically unresponsive to 
astrocyte conditioned medium (Armstrong et aL, 1992; Gogate et aL, 1994; Prabhakar et 
aL, 1995; Scolding et aL, 1995). As noted previously, neuregulin supports the expanion of 
OPCs and is released by neurons in an activity-dependent manner that might allow the 
activity-dependent modulation of OPC expansion (Canoll et aL, 1996). However, these 
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observations have yet to be verified as operative in human OPCs. Indeed, little data are 
available on the factor responsiveness of human OPCs, despite the overt clinical import- 
ance of establishing the optimal expansion and differentiation conditions for these cells. 
Rather, the study of their growth factor responsiveness, patterns of receptor expression, 
and likely paracrine interactions with other parenchymal ceU populations have been 
impeded by the inability to identify and isolate OPCs from the adult human brain, and 
hence the lack of material for molecular and cellular analysis. 

Isolation of Adult Human Oligodendrocyte Progenitor Cells 

To address the need for isolating enriched populations of adult OPCs. we used proirioter- 
spedfied fluorescent activated cell sorting OFACS) to identify and extract these cells from 
adult human brain tissue. Traditionally, FACS has been used to sort live cells on the basis 
of surface antigen expression, particularly in the hematopoetic system, in which FACS has 
been used to define and isolate the major stem cell and intermediate progenitor phenotypes 
generated during lymphopoesis and hematopoiesis. However, the application of FACS to 
the nervous system was stymied by the lack of identified surface antigens specific to stage 
or phenotype among neural ceUs. Yet in 1994, the green fluorescence protein was first 
identified as a live cell reporter of gene expression (Chalfie et aL, 1994). By placing GFP 
under the transcriptional control of promoters regulating the expression of cell-specific 
genes, we were able target specific cell phenotypes for FACS isolation. We first applied this 
approach to extracting neuronal progenitor cells from the fetal ventricular zone (Wang ei 
aL, 1998), by transducing ventricular zoiie cells with GFP placed under the control of the 
Tal tubulin promoter, an early neuronal regulatory sequence (Gloster et al,, 1994; Miller 
et aL, 1987, 1989). This approach has since allowed us to isolate neuronal progenitor cells 
from both the adult human ventricular zone (VZ) and hippocampus (Roy et aL, 2000a, 
2000b). In addition, by modifying our choice of promoters to those specifically active in 
even earlier netual progenitors, we were able to isolate less committed neural stem cells 
from both the adult and fetal human brain (Keyoimg et aL, 2001 ; Roy et aL, 2000a, 2000b). 

The development of promoter-based FACS gave use the means to identify and then 
isolate oUgodendrocyte progenitor cells from the adult himaan brain (Fig. 10.1). To this 
end, we used the early promoter for an early oligodendrocyte protein, 2',3'-cyclic nucleotide 
3'-phosphodiesterase (CNP) (Scherer et aL, 1994; Vogel and Thompson, 1988). CNP 
protein is the earliest myelin-assodated protein known to be expressed in developing 
oligodendrocytes. It is expressed by oligodendrocytes at all ontogenetic stages (Sprinkle, 
1989; Weissbarth et aL, 1981), including by newly generated cells of oligodendrocytic 
lineage within the subventricular zone and their mitotic precursors (Scherer et al., 1994; 
Yu et aL, 1994). The 5' regulatory region of the CNP gene includes two distinct promoters,' 
P2 and PI, which encode for two CNP isofonns, CNPl (46kDA) and CNP2 (48 kDa). 
These promoters are sequentially activated during development, with the more upstream 
P2 promoter (P/CNP2) directing transcription to immature oligodendrocytes and their 
progenitors (Gravel et aL, 1998; O'Neill et aL, 1997). On this basis, P/CNP2 was chosen to 
identify oligodendrocyte progenitors from adult human subcortical white matter (Roy et 
aL, 1999). P/CNP2:hGFP was transfected into dissociate of adult human white matter, and 
following GFP expression 3 to 4 days later, the P/CNP2:GFP"^ cells were isolated by FACS 
(Roy et al., 1999). These cells, maintained in serum-deficient media supplemented with 
FGF2, PDGF, and NT-3, were bipolar, immunoreactive for A2B5, incorporated 
BrdU from their culture media, and developed into 04'*" oligodendrocytic in vitro 
(Fig. 10.2). These data indicated that the P/CNP2:hGFP^efined cells were mitotic oligo- 
dendrocyte progenitors. On this basis, P/CNP2:hGFP"*' oHgodendrocyte progenitors were 
extracted directly from adult human WM dissociates using FACS. We found that an 
average of 0.5 ± 0.1% of all white matter cells directed P/CNP2:hGFP expression. 
Given a transfection efficiency of 13.5%. determined using the percentage of GFP express- 
ing cells obtained with p/CMV:GFP for noncell type specific transfection, it could be 
estimated that over 4% of adult human subcortical WM are P/CNP2-defined progenitors. 
Immediately after FACS, these P/CNP2:hGFP-separated cells were initially bipolar, and 
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FIGXJRE 10.1 

Oligodendrocyte progcnitOTcells may be specifically targeted and isolated from the white matter. This schematic 
oudines basic strategies for isolating oKgodeddrocyte progenitor cells from die adult white matter, using either 
fluorescence-activated cell sorting (FACS) or a higher-yield, less specific alternative immuhomagnetic isolation 
(MACS). 



expressed the early oligodendrocytic marker A2B5, but none of the differentiated markers 
04, Ol, or galactocerebroside; over half incorporated BrdU. When followed up to a 
month in culture. >80% of the PCNP2;hGFP^ cells become oligodendrocytes, progressing 
through a succession of A2B5, 04, and galactocerebroside expression, recapitulating the 
developmental sequence of antigenic expression (Noble, 1997). Thus, with this strategy not 
only was the existence of oligodendrocyte progenitors established in adult himian white 
matter, but a method was developed to separate the progenitors in a form appropriate for 
engraftment and further analysis. 
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FIGURE 10.2 

Sorted human white matter progenitor cells typically mature as oligodendrocytes. (A-B) A representative sort of a 
human white matter sample, derived from the frontal lobe of a 42*year-old woman during repair of an intracranial 
aneurysm. This plot shows 50,000 cells (sorting events) with their GFP fluorescence intensity plotted against 
forward scatter (a measure of cell size). Part A indicates the sort obtained from a nonlluorescent P/hCNP2:^»c2- 
transfected control, while part B indicates the corresponding result from a matched culture transfected with P/ 
hCNP2:hGFP. (C-D) A bipolar A2B5*/BrdU^ cell. 48 hours after FACS. (E-F) By 3 weeks post-FACS, P/ 
CNP2:hGFP-sorted cells developed multipolar morphologies and expressed oligodendrocytic 04 (red). These cells 
often incorporated BrdU, indicating their in vitro origin from replicating A2B5"^ cells. (G-I) Matched phase (G, I) 
and immunofluorescent (H, J) images of maturing oligodendrocytes^ 4 weeks after P/CNP2:hGFP-based FACS. 
These cells expressed both CNP protein (H) and galactocerebroside (J), indicating their maturation as oligo- 
dendrocytes. Scale bar « 20^m. Taken from Roy et al., 1999; with permission. 



Antigenicity of Oligodendrocyte Precursor Cells 

As described earlier, virtually all P/CNP2:hGP-defined OPCs are immunoreactive for A2B5 
(Roy €t al.y 1999). This p)ermitted us to use A2B5-based sorting to increase the yield of 
isolated progenitors, to nmnbers sufficient for experimental transplantation. Although both 
immature neurons and glia express A2B5-immunoreactivity during development (Aloisi et 
aL, 1992; Eisenbarth et aL, 1979; Lee et aU 1992). the adult subcortical parenchyma is 
relatively devoid of yotmg neurons, allowing A2B5 to be used as a selective marker of glial 
and oligodendrocyte progenitor cells (Raff aL, 1983a; Satoh et aL, 1996; Scolding et aL, 
1999). The specific use of A2B5 as an antigenic surrogate for P/CNP2:hGFP-defined OPCs 
has thus constituted a significant practicaJ advance. By extracting OPCs via A2B5-based 
surface-antigen based sorting, the limitations of transfection-based tagging, which include 
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direct cytotoxicity as well as low efficiency, can be avoided entirely. As a result, the practical 
issue of acquiring sufficient numbers of viable OPCs to permit transcriptional and biochem- 
ical analysis, as well as engraftment studies, can now be effectively addressed- 

Multipotential Progenitors of the Adult Human White Matter 

Like their lower species counterparts, human OPCs may not be stricUy dedicated or 
autonomously programmed to oligodendrocytic differentiation. When purified from 
adult human subcortical tissue, derived from surgicaDy resected temporal lobe, white 
matter progenitor ceUs (WMPCs) give rise largely to oligodendrocytes. However^ when 
grown under conditions of very low density, we noted that these cells also generate 
occasional neurons (Roy et al,, 1999). On this basis, we asked whether the white matter 
progemtor cells of the adult human brain might actually constitute a type of multipotential 
neural progenitor or neural stem cell. We found that white matter progenitor cells, purified 
by FACS from the adult human brain, can indeed generate neurons as well as both major 
glial ceU types— astrocytes and oligodendrocytes— when raised in culture under conditions 
of high purity and low density (Nunes et a/., 2003). Under these conditions, the cells are 
effectively removed from other cells, as well as from the proteins that other cells may 
secrete. Under these conditions, the sorted progenitor cells divide and expand as multi- 
potential clones that generate neurons as readily as oligodendrocytes (Fig. 10.3). They can 
continue to divide and expand for several months in culture, dividing to increase their 
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AduJt human WMPCs give rise to multipotctiUal neurosphcres. (A) First-passage spheres generated from A2B5- 
sorted cells 2 weeks post-sort. (B) First-passage spheres arising from P/CNP2:hGFP sorted cells 2 weeks 
(Q Second-passa^ sphere derived from an A2B5-sorted sample, at 3 weeks. (D) Ohcc plated onto substrate the 
pnmary sphCTCs differentiated as pin-tubulin+ neurons (red), GFAP* astrocytes (blue), and 04* oligodendrocytes 

O: MAP2 m red) and oligodendrocytes (H: 04 in green) were both generated m vitro, (1) pril-tubulin* neuroni 
^^V^T?'^'^ neuronal Hu protein (Barami et al, 1995; Manisich et 1994} (red. yielding; yellow double- 
label). Nuclei counterstamcd with DAPI (blue). From Nunes er al. (2003). Scale: A-E. 100 ^m- F-I 24 jim 



268 



10. PROGENITOR CELLS OF THE ADULT HUMAN SUBCORTICAL WHITE MATTER 



numbers in the process. Moreover, upon xenograft to the developing fetal rat forebrain, 
adult human WMPCs can mature into neurons as well as oligodendrocytes and astrocytes 
in vivo, in a region- and context-dependent manner (Fig. 10.4). The nominally glial 
progenitor cell of the adult human white matter thus appears to constitute a multipotential 
neural progenitor. These cells appear to be typically restricted by their local brain environ- 
ment to produce only oligodendrocytes and some astrocytes, in response to local environ- 
mental signals whose identities remain to be established. But when removed from the 




HGURE 10.4 

WMPCs engrafted into fetal rats gave rise to neurons and glia in a site-specific manner. SectioTis from a rat brain 
implanted at El 7 with A2B5-sorted WMPCs and sacrificed a month after birth. These cells were maintained in 
cuhure for 10 days prior to implant. (A-B) Nestin* (red) progenitors and doublccortin"*" (red) migrants, respect- 
ively, each co-expressing human nndear antigen (hNA, green) in the hippocampal alvius. (Q CNP* oligodendro- 
cytes (red) that were found exclusively in the corpus callosum. (D) A low-power image of GFAP"*" (green, stained 
with anti-human GFAP) astrocytes along the ventricular wall. (E) plll-tubulin* (grecn)/hNA"*' (red) neurons 
migrating in a chain in the hippocampal aWhis. (F) pIlI-tubuHn* and MAP2'*" (inset in part F) neurons in the 
striatum, adjacent to the RMS (antigens in green; hNA in red; yellow: double-stained human nuclei). (G) An Hu*/ 
hNA"^ neuron in the septum. (H) An hNA"^ (grccn)/GAD-67'*' (red) striatal neuron.. Insets in each figure show 
orthogonal projections of a high-power confocal image of the identified cell (arrow). From Nunes et al. (2003). 
Scale: A-E, 40^m; F-H. 20 urn. 
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environment of the brain and from other brain cells, these cells proceed to make all brain 
cell types, including neurons and glia, and remain able to do so for long periods of time in 
culture. 

This observation has precedent in lower species. Progenitor ceDs capable of giving rise 
to multiple lineages, includhig oligodendrocytes and neurons, have been consistently 
derived from the cortical and subcortical parenchyma as well as from the ventricular 
zone of embryos (Davis and Temple, 1994; Qian et aL, 1997; Williams et a!,, 1991). Similar 
multipotential progenitors have shown to exist in early postnatal rat cortex (Marrimr et aU 
1998). A more recent study suggested that postnatal rat optic nerve derived 0-2A progeni- 
tor cells could be "reprogrammed" to multipotential stem cells capable of generating 
neurons (Kondo and Raff, 2000). This was achieved by sequential exposure of 0-2A 
progenitors to serum to mduce astrocytic differentiation, followed by their expansion in 
the presence of bFGF in serum-free conditions. Constant mitogenic stimulation of adult 
rat forebrain parenchymal cells with FGF2 has been shown to result in the generation of 
neurons as well as astrocytes and oligodendrocytes (Palmer et aU 1995; Richards et al, 
1992). Together, these observations of the multilineage potential of CNS glial progenitore 
suggest that the apparent lineage commitment of progenitors might depend on epigenetic 
factors. As a result, the nominally glial progenitors of the adult white matter may retain far 
more lineage plasticity and competence than traditionally appreciated. Adult subcortical P/ 
CNP2:hGFP"^ progenitors, though competent to generate multiple cell types, may there- 
fore be restricted to the oligodendrocytic lineage by virtue of the epigenetic bias imparted 
by their environment before their isolation. 

A corollary of the environmental restriction of WMPC phenotype is that other, non- 
white-matter-derived neural progenitors might similarly restrict to oligodendrocytic lin- 
eage when presented to the environment of the adult white matter. Indeed, several groups 
have reported that EGF-expanded murine neural stem cells differentiate as obgodendro- 
cytes upon xenograft (Mitome et aL, 2001); remarkably, in none of these models were 
substantial numbers of oligodendrocytes generated in vitro. Similarly, v-myc transformed 
neural stem cells transplanted to perinatal mice can differentiate as oligodendrocyte^ once 
recruited to the white matter (Yandava et ai., 1999), but not otherwise, and never in vitro. 

The Distribution and Heterogeneity of White Matter Progenitor CeUs 

The persistence and sheer abundance of WMPCs in the adult human brain is striking: Over 
3% of the white matter cell population may be sorted on the basis of CNP2:GFP-based 
FACS, and over half of these cells are mitotically active upon isolation (Roy ^r a/., 1999). 
That being said, the extent to which this parenchymal progenitor cell population is 
homogeneous remiains unclear; by limiting dilution analysis, only 0.2% of its ceUs are 
multipotential (Nunes et ai,, 2003). Nonetheless, the very existence of multipotential 
progenitors scattered tiu-oughout the white matter parenchyma forces us to reconsider 
our understanding of both the nature and incidence of neural stem cells in the adult brain 
and challenges our conception of the supposed rarity of adult neural progenitor and stem • 
cells. In doing so, they point to an abundant and widespread source of cells, which may be 
used both as a target for pharmacological induction and as a cell type appropriate for 
therapeutic engraftment to the diseased adult brain. 
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The Natural History of Remyelination in the Adxdt CNS 

The existence of active remyeUnation in the adult human brain has been mainly derived from 
observations of MS lesions. However, it has been unclear whether that remyelination has 
been the result of local expansion of parenchymal OPCs or of the recruiUnent of distant 
OPCs to sites of acute demyelination. Moreover, the source and in resting phenotype of the 
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remyelinating cells has been unclear. To address these questions, Gensert and Goldman 
(1997) used a combination of retroviral labeling and lysolecithin-induccd demyelination to 
show that normally cycling cells of the adult rodent WM can differentiate as myelinating 
oligodendrocytes (Gensert and Goldman, 1997). Interestingly, before the endogenous OPCs 
participated in remyelination, they proliferated locally. Similarly, mice infected with a 
demyelinating murine hepatitis virus exhibited almost a 14-fold increase in PDGF-otR"^ 
OPCs in the lesion bed (Redwine and Armstrong, 1998). Other studies using rats with EAE 
or ethidium bromide lesions have shown that after remyelination, OPC numbers were stable 
(Levine and Reynolds, 1999). This in turn suggested that OPCs can undergo asymmetric 
division to replicate themselves while generating a differentiating oligodendrocyte. 

There appears to be limited survival of OPCs in demyelinated lesions; as a result, most 
remyelination may be accomplished by unaffected OPCs recruited from the lesion sur- 
round. Carroll et aL have shown that OPCs in regions adjacent to inMiunoIytic lesions first 
respond by dividing, followed by their migration into the lesion, and ultimate myelinogen- 
esis (Carroll et aLy 1998). Similar observations were made in the demyelinated adult spinal 
cord, where the population of NG2"^ cells expanded significantly in areas adjacent to 
demyelinating lesions. In this case though, the proliferating pool appeared unable to 
sustain its self-renewal, as NG2"*' cells were depleted following remyelination (Keirstead 
et al,, 1998). Using X-irradiation, Chari and Blakemore (2002) reported that locally 
recruited NG2'^ and PDGF-d R*^ OPCs can repopulate depleted areas over distances of 
approximately 0.5 mm per week in the first month. No secondary progenitor loss was 
observed in those surround regions from which progenitor cells were recruited, indicating 
dynamic replacement of the emigrants (Chari and Blakemore, 2002). However, the ques- 
tion of how far the progenitor population C£Ln migrate in intact tissue remains debatable, 
an issue of particular concern for remyelination strategies involving transplantation 
(Franklin and Blakemore, 1997). Complicating matters further, recent studies have 
reported an age-related decrease both in recruitment of OPCs and in their subsequent 
differentiation (Sim et aL, 2002). 

Candidate Cellular Vectors for Experimental Remyelination 
via Progenitor Implantation 

Progenitor cells capable of local cell genesis therefore persist throughout the subcortical 
white matter of the adult brain, where they might constimte a potential substrate for 
cellular replacement and local repair. However, several criteria must be considered when 
evaluated the trarisplantation potential of any progenitors. These include the ability of 
transplanted cells to survive in the host environment, to migrate accurately to the target 
lesion or tissue type, to generate myelin, to ensheath host axons, and to achieve a degree of 
myelination capable of fimctional reconstitution. To assess the myelinogenic potential of 
transplanted cells, a variety of cell types including multipotential stem cells and OPCs, 
derived from both animals and humans, have been tested in both deveiopmentally dys- 
myelinated and experimentally demyelinated models of myelin loss. 

Neuml Stem Cells and Progenitcrs from the Feted Brain 

Human fetal brain cells have been found to have robust myelinogenic capacity in tht skiverer 
mice (Gansmuller et aL, 1986; Gumpel et aL, 1987, 1989). Cells isolated from the rodent or 
human fetal forebrains at various gestational ages, and expanded in vitro under a variety of 
serum-free, factor-supplemented conditions, have been used as sources of transplantable 
cells (Ader et aL, 2001; Brustle et aL, 1998; Carpenter et al., 1999; Fricker et aL, 1999; 
Hammang et aL, 1997). However, there are potential risks to prolonged in vitro expansion, 
since the cells are not only exposed to exogenous mitogens, but also to autocrine factors in 
artificially high concentration, and to paracrine agents produced by the neurons and glia ' 
present within the initially mixed cultures. As a result, propagated stem or progenitor cells 
may not retain or reflect the lineage potential or differentiation competence of the native 
progenitor cells from which they derived. Two recent studies have highlighted the effects of iw 
vitro expansion of cells prior to transplant. Buchet et aL observed that freshly isolated cells 
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proliferated longer and gave rise to very extended grafts before differentiating into neurons 
and glia while cells that were expanded prior to transplant showed poor proliferation and 
quick differentiated capacity (Buchet et al, 2002). In contrast, Englund et al found that after 
9 weeks of expansion, human fetal brain cells lost the capacity to differentiate and remained 
as undifferentiated progenitors when transplanted into adult recipients (Englund et al,, 
2002). To circumvent the issue of paracrine effects on defined stem ceils in mixed culture, 
several groups have developed methods of directly isolating neural stem cells from tissue, 
thereby preventing their in vitro exposure to differentiated cell products during either 
isolation or expansion (Keyoung et al., 2001; Uchida et al^ 2000). 

Neurai Stem Cells and Progenitors from Adult Brain 

Several studies describe the use of neural stem cells derived primarily from the adult rat 
. and hxmian VZ, and then propagated as neurospheres, as a potential soture of myelino- 
genic cells (Akiyama et aL, 2001; Kukekov et al., 1999; Zhang et aL\ 1999); As described 
earlier, the adult human white matter harbors an abudance of oligodendrocyte progeni- 
tors. By virtue of their abudance, these progenitors represent a potential cellular substrate 
for therapeutic transplantation. Nonetheless, only a few studies, constrained by the lack of 
any reliable method to isolate these cells, have attempted to assess the myelinogenic capacity 
of OPCs derived from the adult human white matter. In one such study (Targett et al., 1996), 
a crude cell preparation derived from adult human white matter was transplanted into the 
ethidium bromide-lesioned and radiosensitized, X-irradiated adult rat spinal cord. The 
transplanted oligodendrocytes survived in the demyelinated zone, associated with denuded 
host axons, and expressed myelin proteins. But the transplanted cells did not migrate or 
divide, nor was any myelination noted. The failure of these implanted oligodendrocytes to 
' myelinate was attributed to the diminished regenerative potential of post-mitotic oligo- 

dendrocytes, and the lack of a permissive environment for remyelination within the rat 
lesion bed (Targett et aL, 1 996). 

Propagated OUgospheres 

Though neural stem cells have myelinogenic capacity, they also have the inherent capacity 
to generate neurons and astrocytes. The co-generation of astrocytes may not necessarily be 
deleterious, given their roles in both OPC proliferation and myelmatibn (Blakemore, 1992; 
Franklin et al., 1991). However, the co-generation of neurons may be undesirable, given 
the potential generation of ectopic neuronal foci, which might conceivably act as epilepto- 
genic foci. Thus, priming neural stem cells or OPCs toward oligodendrocytic differentia- 
tion prior to implant might be necessary to ensure the quantities and phenotypic 
homogeneity of oligodendrocyte progenitor cells that wiU be needed for clinical implant- 
ation. One approach to this goal has been the expansion of neural stem cells as neuro- 
spheres in the presence of oligodendrocyte-inducing agents. For instance, when rat 
cerebellum-derived neurospheres were propagated in the presence of conditioned medium 
from the neuroblastoma B104 line (B104/CM), oligodendrocytes were preferentially gen- 
erated. The resultant "oligospheres" were capable of being exponentially expanded 
through several passages without phenotypic degradation and exhibited robust myelin- 
ation on transplantation into the shiverer mice brain (Avellana-Adalid et al., 1996). Since 
then, several groups- have used a similar strategy to generate oligospheres from neural 
precursor cells of the mouse, rat, and canine forebrains (Vitry et al., 1999; Zhang et al, 
1998). Smith and Blakemore the compared the remyelinating capacity of cells isolated 
from porcine SVZ within hours after dissociation, to that exhibited by matched cells after 
growth in B104/CM as oligospheres. Whereas the freshly isolated SVZ cells remained 
undifferentiated after xenograft, those expanded in B104/CM effected significant remyeli- 
nation of demyelinated axons in vivo (Smith and Blakemore, 2000). 

Human OPCs Integrate When Grafted to Demyelinated Foci of the Adult Rat Brain 

The remyelinating potential of adult human white matter-derived progenitors has been 
recently shown in lysolecithin-induced demyelinating lesions of adult rat corpus callosum 
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(Windrem et al, 2002). In this study. A2B5 expression by P/CNP2:hGP-defined OPCs 
(Roy et aL, 1999) provided the rationale for immunoinagnetically selecting OPCs on the 
basis of A2B5 expression. Like P/CNP2:hGFP'^ cells, A2B5-sorted cells generated largely 
oligodendrocytes when raised at high density in the presence of serum. In addition, 
immunomagnetic selection allowed their higher-yield acquisition, without the losses in 
viability and number associated with FACS separation. As a result, A2B5-antibody 
based immunomagnetic sorting increased the yield of extractable OPCs by over 5-fold, 
These A2B5-sorted white matter progenitors were transplanted into cyclosporine-immuno- 
suppressed adult rats, 3 days after lysolecithin lesions. As previously described (Gensert 
and Goldman, 1997), these lesions yielded ^ discrete region of transcallosal demyelination, 
with mild local reactive astrocytosis within the demyelinated focus, and intact vasculature. 
When A2B5-sorted human OPCs were injected into these lesions, they migrated widely and 
rapidly; within 7 days of implantation, the cells had readOy traversed the midline to 
infiltrate the furthest reaches of the demyelinated lesion beds, which often extended over 
8 mm in breadth. The migration rate of the cells was hence at least 1 mm/day, or 50 ^m per 
hour, within the lesion borders (Fig. 10.5). The engrafted adult A2B5-sorted progenitors 
differentiated rapidly, expressing CNP within 2 weeks and MBP within 3 weeks of implant- 
ation. These OPC-derived oligodendrocytes projected MBP**" lamellopodia and were asso- 
ciated with a branched array of myelinating fibers, indicating the initiation of progenitor- 
associated myelinogenesis. Of note, many transplanted progenitor derived astrocytes were 
also observed in the lesions. With cyclosporine immunostippression, the cells could survive 
at least 2 months in lysolecithin-demyelinated recipients. These findings suggested that the 
introduction of highly enriched preparations of progenitor cells derived from the adult 
human white matter might permit local remyelination. 

Migratory Characteristics of human OPCs 

Adult human-derived OPCs engrafted into demyelinated brain remained restricted to regions 
of demyelination; they rarely extended into normal surroimding myelin (Fig. 1 0.5). Even the 
few cells that were typically noted to have infiltrated normal myelin appeared to have migrated 
along the extraluminal surfaces of penetrating blood vessels. Yet when lentiviral-GFP tagged 
A2B5-sorted progenitor cell pools from adult human white matter were implanted into intact 
subcortex of adult rats, the transplanted cells remained localized to the implant site and 
continued to be so cvoi after 3 months (Windrem et aL, 2(X)2), These observations suggest 
strongly that normal adult white matter is non-permissive for the migration of adult-derived 
WMPCs, as has been observed in other studies (Iwashiu et al., 2000). This restriction on 
migration may be similar at the molecular level to that observed toward axons, whose 
extension through normal white matter is suppressed by their expression of Nogo receptor, 
by which they respond to myelin-assodated Nogo and MAG (myelih-assodated glycopro- 
tein) with repulsion and/or cessation of further advance (Grandpre and Strittmatter, 2001). 
That being said, the operative white matter signals that restrict progenitor ceD migration have 
yet to be identified. Whatever its mechanism, normal myelin clearly retains cues sufficient to 
tonically impede WMPC infiltration; accordingly, demyelination appears to remove those 
cues, allowing the active invasion and dispersion of OPCs throughout regions of acute myelin 
loss. The characterization of the ligands providing these repulsive cues, and of their antici- 
pated progenitor cell receptors, will likely constitute an important avenue of future study. 

Myelin Construction by Perinatal Transplant^Based Therapy 

Several models of congenital dysmyelination have been used to assess the myelinogenic 
potential of animal and human-derived progenitors. The myelinogenic potential of im- 
planted fetal hinnan brain cells was first noted in the shiverer mouse (Gumpel et aL, 1987; 
Lachapelle et aL, 1983). The myelinogenic potential of different, stage-defined phenotypes 
of oligodendrocyte progenitors, extracted so as to sample the engraftment efficacy of 
different stages of progenitor progression, have also been compared in shiverer mice. 
Using rat donor tissue, Warrington and Pfeiffer established that the A2B5-defined oligo- 
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HGURE 10.5 

Implanted white matter progenitors migrated widely throughout the demyelinated callosum. Sorted adult human 
white matter progenitors were transplanted into lysolecithin-lnduced demyelinated lesions in the corpus callosa of 
adult rats. (A) Lysolecithin infusion (Ijil of 2% lysoIecithin-V^ delivered into the corpus callosum) yielded 
demyelinated plaques in the target white matter. In part A, the lesion is visible as a discoid region of myelin 
basic protein (MBP)-immunoncgativity, suirounded by the otherwise MBF*" callostmi (green). (B) Though 
denuded of myelin (MBP, blue)» neurofilament'*' axons (green) initially survived lysolecithin demyelination. 
1 week after callosal lesion. The implanted progenitors (orange) have just immigrated to the lesion bed. Axonal 
spheroids were frequent within the lysolecithin-lesion bed, indicating some degree of early iivjury and transection. 
The ability of implanted progenitors to effect repair is limited by the viability and integrity of the axona] cohort 
that one wishes to myelinate. (C) This low-power montage demonstrates the rapidity of long-distance migration 
by xenografled adult human white matter progenitors. These Dil-labelcd human progenitor cells (red) were 
visualized 1 week after their implantation, by which point the cells extend throughout the demyelinated lesion, 
defined by its loss of myelin basic protein (MBP)-immunorcactivity (green). The lesion was induced 3 days before 
10^ sorted, Dil-tagged (red) .human progenitors were delivered in 2^1. Within a week of implantation into this 
demyelinated callosum, the cells had traversed the midline. (D) A higher magnification image showing that the 
transplanted cells migrated throughout the demyelinated plaque, but not beyond its borders, except for occasional 
migrants that followed the parenchymal surfaces of blood vessels (arrow). The restriction of migration to 
demyelinated regions suggests that normal myelin impedes the migration of these cells. (E) Human white matter 
progenitor cells, identified as human nuclear antigen* (HNA; green), occupied the MBP (green)-deficidit lysole- 
cithin lesion, and expressed oligodendrocytic CNP (red) by 15 days after implantation. (F) A cluster of HKA'*' 
human cells (green) associated with a plethora of donor-derived MBP"^. myelinating oligodendrocytic lamellopo- 
dia (red). (G) Lentivirat GFP-tagged human (green) MBP* (red) oligodendrocytes in the lesion bed of a 
lysolecithin-injected rat callosum, 8 weeks after cell implantation. Besides the MBP* cells (arrows), other 
human progenitor-derived cells were also present, which did not express MBP and which instead manifested 
astrocytic morphologies (arrowheads). Immimol a beting adjacent sections for himian GFAP (red) revealed that 
many of GFP-tagged human progenitors had also given rise to astrocytes. From Windrem tfr al. (2002). Scale bars: 
A, 200 (im; B, 20 pm; D, lOO^m; E, 30 pm. 
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dendrocyte progenitor phenotype was more efficient at migration and myelinogenesis in 
neonatal shiverers than the more mature '04-defined oligodendrocyte (Warrington et.aL, 
1993). Yandava et aL similarly achieved myelination within the shiverer brain, using the 
CI 7.2 line of transformed murine cerebellar progenitor cells, which act as neural stem cells 
after v-myc immortalization (Yandava et aL^ 1999). 

Similarly, fetal oligodendrocytes transplanted to the md rat remyelinated significant 
portions of the postnatal spinal cord (Archer et aL, 1994). Moreover, analogous studies in 
the shaking pup showed that fetal oligodendrocytes were able to engraft widespread 
regions of the shaking CNS, with graft survival of over 6 months. Although neonatal 
recipients fared best, adult recipients also exhibited graift oligodendrocyte survival and 
stable myelination (Archer et aL, 1997). Duncan and colleagues then demonstrated that 
oligosphere-derived cells raised from the neonatal rodent subventricular zone could engraft 
another dysmyelinated mutant, the myelin-deficient rat, upon perinatal intraventricular 
administration (Learish et aL, 1999). The success of these approaches led then to the 
seminal work of Mitome and colleagues, who used EGF responsive primary neural 
progenitor cells, in tandem with a combination of ventricular and dstemal transplant, to 
achieve the widespread myelination of the shiverer brain (Mitome et a!., 2001). 

Human OPCs Can Myelinate Congenitally Dysmyelinated Brain 

On the basis of these studies, Windrem et aL investigated whether highly enriched popula- 
tions of human progenitor cells, directly isolated from the brain, might be used for cell- 
based therapy of congenital dysmyelination. Specifically, this study postulated that the 
efficiency of myelination might be improved by using purified OPCs, derived via selection, 
so as to exclude astrocytes, microglia, and vascular derivatives from the implanted pool. 
It further postulated that such purified human OPCs, both adtilt-derived and taken from 
the fetal brain during its period of maximal oligoneogenesis, would be sufficiently migra- 
tory and myelinogenic to mediate the widespread myelination of a perinatal host. To this 
end, A2B5-based FACS was used in conjimction with PSA-NCAM-dependent immuno- 
depletion of neuronal derivatives, to prepare highly enriched dissociates of human OPCs, 
of both fetal and adult derivation. Both classes of human oligodendrocyte progenitor cells 
proved capable of widespread and high-efficiency myelination of the shiverer brain after 
perinatal xenograft. Indeed, the cells migrated so widely as to effect myelination through- 
out the recipient brains (Fig. 10.6, unpublished data). The cells infiltrated widely 
throughout the presumptive white matter, ensheathed resident murine axons, and formed 
antigenically and ultrastructurally compact myelin. After implantation, the cells slowed 
their mitotic expansion with time and generated neither undesired phenotypes nor paren- 
chymal aggregates. In this initifti study, despite histologically extensive myelination in these 
animals, no change in the behavioral phenotype of the shi/shi recipients or any improve- 
ment in their neurological phenotype was evident. Nonetheless, the geographic extent of 
forebrain and diencephalic MBP expression evidwiced by these animals, who received but 
a single perinatal intraventricular cell injection, suggested that combined cisternal and 
intraventricular delivery of donor progenitors might achieve remyelination throughout the 
rostral neuraxis, potentially spanning the entire brain. 

Besides demonstrating the myelinogenic capacity of the transplanted cells, studies in the 
dysmyelinated animal models indirectly indicate that congenital dysmyelination, even 
more so than adult demyelination, may be an appropriate target for CNS progenitor 
cell-based therapy. In particular, these studies affirmed that the neonatal brain environ- 
ment may be especially amenable to therapeutic remyelination. It is conducive to wide- 
spread migration- and may continue to provide the instructive developmental cues 
necessary for region-specific differentiation. 

Fetal and Adult OPCs Differ 

Despite the use of both fetal and adult-derived OPCs in experimental thempeutic models, 
no head-to-head comparison of the two phenotypes had ever been performed from 
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FIGURE 10.6 

Myelin basic protein (MBP) was widely expressed by human fetal OPCs implanted into neonatal homozygote shivcrcr mice. (A) This low-power view 
of the recipient fimbria shows abundant fiber-associated MBP expression {greenX 3 months after perinatal engraftment (MBP, greeri^ Since shiverer 
homozygotes do not express hmnunoreactivc MBP, SeJI such signal must derive from donor progenitor cells. (B-D) Donor fetal OPCs, additionally 
validated as such by human nuclear antigen (hNA, differentiated to express CNP protein {green in B) and MBP (green in C-D). In the 0.5 
confocal optical section of D, MBP (green) is noted to surround the donor human nucleus {red)^ as viewed in orthogonal planes. (E). A single donor- 
derived MBP"*" oligodendrocyte that has matured, 3 months after engrafhnent, to associate with multiple recipient axons. (F) An 0.2 Mm optical section 
through a recipient corpus callosum shows engrafted human OPCs (hNA. blue) expressing MBP {red), and surrounding native axons (neurofilament, 
green). Arrows indicate examples of ensheathed axons, a higher magnification of which is shown in (G). Human OPCs enwrap native axons and 
reorganize the paranodai region to permit nodal formation. Caspr protein, an axonal paranodal marker, is expressed on immydinated axons between 
myelinated segments of axon, without invading the nodal region. (H-K) C^tical sections through engrafted shiverer corpus callosum. showing donor- 
derived MBP (green) and native axonal Caspr protein in red, indicating that donor OPCs develop not only myelin production and arT:hitectuTe, but 
permit nodes of Ranvier.to form (anti-Caspr antibodies generously provided by Dr. M. Rasband). (L) Electron microscopy confirmed that donor- 
derived oligodendrocytes developed compact myelin. I that myelin produced by engrafted fetal human OPCs wrapped native axons to form compact 
sheathes with major dense lines (inset). Scale bars: A, ZOO^m; B-F, 7Q\im\ H-K, Sfmi; L, I pm. 
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analogously acquired and inaintained cells implanted into the same models at the same 
time. As a result, it was unclear if fetal-derived OPCs differed from their counterparts 
derived from the adult human brain, with respect to either their migration competence, 
myelinogenic capacity, or the time courses thereof. To assess the relative advantages and 
disadvantages as therapeutic vectors of these two stage-defined OPC phenotypes, newborn 
shiverer mice were implanted with either fetal or adult-derived OPCs, each isolated via 
A2B5-directed immunomagnetic sorting (IMS). The implsmted neonatal mice were allowed 
to survive for 1 to 3 months, and their brains then sectioned and stained for MBP, GFAP, 
and anti-human nuclear antigen. By this means, it was determined that fetal and adult- 
derived human OPCs differed substantially in their respective time courses and efficacy of 
myelinogenesis upon xenograft. Adult OPCs myelinated shiverer brain more rapidly than 
their fetal counterparts, achievingnvidespread and dense MBP expression by 4 weeks after 
xenograft. In contrast, substantial MBP expression by fetal OPCs was generally not 
observed imtil 12 weeks post-implant (Windrem ei al.^ unpublished data). 

Besides myelinating more quickly than fetaJ OPCs, adult OPCs were found to give rise 
to myelinogenic oligodendrocytes in much higher relative proportions, and with much less 
astrocytic co-generation, than did fetal-derived OPCs. When assessed at the midline of the 
recipient corpus callosimi, just over 10% of fetal hNA-defined OPCs expressed MBP at 12 
weeks, while virtually none had done so at 4 weeks. In contrast, almost 40% of adult OPCs 
expressed MBP by 4 weeks after xenograft into matched recipients. Thus, engrafted adult 
OPCs were at least four times more likely to mature as oligodendrocytes and develop 
myelin than their fetal counterparts. As another cardinal difference between fetal and adult 
OPCs, adult OPCs largely remained restricted to the host white matter, within which they 
generated almost entirely MBP^ oligodendrocytes. In contrast, fetal OPCs migrated into 
both gray and white matter, generating both astrocytes and oligodendrocytes in a context- 
dependent manner. 

Thus, both fetal and adult-derived OPCs were competent to remyelinate murine axons, 
but each had distinct advantages and disadvantages as potential vectors for cell therapy: 
Whereas fetal OPCs were highly migratory, they myelinated slowly and inefficiently. In 
contrast, adult-derived OPCs migrated over lesser distances, but they myelinated more 
rapidly and in higher proportions than their fetal counterparts. Together, these^ studies 
argued that while both fetal and adult hxmian OPCs might provide effective cellular 
substrates for remyelination, the choice of cellular source must be dictated not only by 
the availabihty of donor material, but also by the specific biology of the disease target. 

A Caveat: Some Implanted Progenitors May Remain Undifferentiated 

A corollary of the multipotential nature qf white matter progenitor cells is that when 
tr^isplanted as nominally oligodendrocytic precursors, these cells might encounter local 
signals that instruct their maturation along alternative lineages. As a result, we need to be 
concerned about the possibility of their diff^entiation into undesired or functionally 
heterotopic phenotypes. This possibility is of fiuther concern given the persistence of 
many implanted progenitors as undifferentiated cells; these may remain able to respond 
to signals in the host tissue environment, not only at the time of implantation, but also long 
thereafter. As such, these cells might comprise a reservoir of implanted preciursors, from 
which desired phenotypes might be later recruited upon injury or insult. On the other hand, 
they might just as well constitute potential sources of undesired cell types that migjit be 
ectopically generated and recruited in the tissue environment of an acutely injured focus. 
Such local production of imdesired phenotypes might introduce not only inefficiency to 
transplant-based treatment strategies, but also frank danger. For instance, the production 
of neurons in a white matter lesion could generate an epileptogenic focus, just as the 
production of astrocytes in a more typically oligodendrocytic region might disrupt local 
ionic gradients and hence axonal transmission. These and many other untoward processes 
of heterotopic phenotypic maturation could more than offset whatever benefits might be 
gleaned from a therapeutic cell implant. As a result, it may prove advisable to initiate the 
phenotypic differentiation of these cells in vitro^ prior to implantation, so as to limit 
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the range of phenotypic choices available to the isolated progenitors to those appropriate 
for the intended region and disease target. Time wiD tell whether the possibility of hetero- 
topic misdiflferentiation will mandate such in vitro priming steps. 



EXPERIMENTAL IMPLANTATION OF NON-CNS 
PROGENITOR CELL TYPE S 

A wide range of other potentially myelinogenic ceU types have also been implanted into 
experimental models of de- and dysmyelination, with varying degrees of success. 

Schwann Cells 

Schwann cells, the myelinating cells of the peripheral nervous system, have been considered 
as an attractive alternative to oligodendrocyte precursors for experimental transplantation. 
Schwann ceUs from several sources, including humans (Kohama et aL, 2001), have. been 
implanted in dysmyelinated shiverer mice (Baron- Van Evercooren et al,, 1992% MD rats, 
and shaking pups (Duncan and Hoffman, 1997). Hiey have also been transplanted into 
lysolecithin (Baron-Van Evercooren et al„ 1993; Duncan et al., 1981) and EB-X (Blake- 
more and Crang, 1985) demyelinated lesions in the brain and spinal cord. In all these 
systems, they have demonstrated varying degrees of myelination (Franklin and Bamett, 
1997) with the myelin produced by these cells being of the PNS-variety as specified by the 
expression of PO. In some cases, functional resconstitution of saltatory conduction has also 
been shown (Felts and Smith, 1992; Honmou et aL, 1996; Kohama et aL, 2001). In 
addition. Schwann cells have been reported to improve axonal regeneration, which might 
be of importance in MS where axonal loss is a major part of the lesion pathology. 
Considering the relative ease of expanding human Schwann cells in culture (Rutkowski 
et al., 1995), it has been suggested that they might be appropriate cellular vectors for 
autologous transplants. Indeed, they have the added advantage of producing non-CNS 
myelin, which may be refractory to the immunological destruction in disease like MS. 
However, like central oligodendrocyte progenitors, the migratory capacity of these cells is 
unclear. Some studies indicate that Schwaim cells migrate satisfactorily over large dis- 
tances to specific target sites (Franklin and Bamett, 1997), while odiers indicate that they 
are unable to migrate through normal white matter (Iwashita et al, 2000). In addition, 
Schwann cells seem to have a complex relationship with central astrocytes. After trans- 
plantation, Schwann cells are mainly found m areas devoid of astrocytes (Baron-van 
Evercooren etal., 1992; Blakemore and Patterson, 1975), and, moreover, they are excluded 
as astrocyte numbers increase with time (Shields et al., 2000). 

Olfactory Ensheathing Cells (OEC) 

In nature, OECs ensheath small diameter axons of the peripheral olfactory epithelium 
neurons that project through the olfactory nerve into the olfactory bulb of the CNS. 
Unlike Schwaxm cells, these cells do not normally produce myelin. However, OECs from 
both animal (Franklin et aL, 1996; Imaizumi et al., 1998) and human soured (Bamett et 
al., 2000; Kato et aL, 2000) show remyelination with a peripheral pattern of myelin 
expression upon transplantation to demyelinated spinal cords. In some studies, a func- 
tional restoration of conduction has also been demonstrated ^maizumi et al, 20i0b). OECs 
may have an advantage over Schwann cells, as they co-exist naturally with astrocyte in the 
olfactory bulb (Lakatos et al, 2000). Perhaps as a result, their interaction with astrocytes 
m not restrictive (Franklin and Bamett, 2000) in fact, they have been reported to support 
axonal regeneration through the astrocytic environment of a transected spinal cord 
(Ramon-Cueto et al., 1998). Nonetheless, their restoraUon of central axonal conduction 
remams inconclusive, as is the long-term fate of their remyelinated units. Whether these 
cells are capable of the contact-dependent and humoral support of neuronal function 
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normally exercised by central oligodendrocytes, or conversely, whether they are in turn 
supported by the axons with which they interact (Fernandez et aL^ 2000; Vartanian et al,^ 
1997), similarly remain unknown. 

Embryonic Stem Cells 

Myelination by in vitro conditioned mouse embryonic stem ceUs has been reported in both 
hypomyelinated MD rat E-17 fetuses and shiverer newborns, as weD as in adult lysolecithin 
demyelinated lesions in adult rats (Brustle et al., 1999; Liu ct/., 2000). More recent reports 
describe transplanted human £S cells sequentially cultured to induce neural stem cells 
capable of generating oligodendrocytes in a region-specific manner (Reubinoff et al, 2001 ). 
Though ES cells might represent a readily cultivable source of OPCs, the use of these cells 
is still limited by our inability to fully instruct all cells in the undifferentiated population to 
the desired phenotype. Of greater concern is the persistent unconmiitted progenitors within 
the implanted population, which may retain the latent capacity for imdifferentiated expan- 
sion and possibly tumorigenicity. 

Mesenchymal and Marrow-Derived Stem Cells 

In addition to ES cells, mesenchymal and marrow-derived stem cells have been in focus as a 
source of neurally specified cells. Some controversial studies indicate that these cells may be 
capable of trans- or ectopic differentiation to neuroectodennal lineage (Mezey et aL^ 2000; 
Sanchez-Ramos et a/,, 2(K)0). Of particular concern has been the lack of clear clonal evidence 
of neural specification as well as recent reports indicting that cell fusion may explain some of 
observations of trans-diflferentiation (Terada et al., 2002; Ying et aL, 2002). Nonetheless, a 
recent study, in which mouse bone marrow stromal cells were grafted into EB-X demyeli- 
nated,spinal cord lesions, reported not only donor-cell derived histological remyelinaiion, 
but also an improvement in conduction velocity (Akiyama et al,, 2002). This work remains to 
be replicated by other groups. Shoxild this study prove verifiable, its approach may open new 
avenues of stromal cell-based remyelination therapy. 



DISEASE TARGETS FOR PROGENITOR-BASED 
TH ERAPEUTIC MYELINATI ON 

Congenital Dysmyelination 

Congenital diseases of myelinatipn, such as periventricular leukomalada (PVL), which 
may serve as an anatomic form fruste for the later development of cerebral palsy (Grow 
and Barks, 2002; Rezaie and Dean, 2002; Volpe, 2001) and the hereditary leukodystrophies 
and storage diseases, such as Krabbe's and Tay Sachs disease, are leading causes of infant 
morbidity and mortality (reviewed by Schiffmann and Boespflug-Tanguy, 2001; Berger et 
aL, 2001). As such, these may constitute feasible and attractive targets for therapeutic 
remyelination (Tate et ai., 2001). 

Periventricular leukomalacia PVL describes a lesion of the periventricular white matter, 
associated with a fwlure in early myelination of the cerebral hemispheres. PVL appears to 
be a pathological concomitant to perinatal hypoxic-ischemic insult and may result from 
germinal matrix hemorrhage, sustained hypoxia, and exdtotoxic injury, and most likely 
from combinations of these insults. PVL predicts the development of cerebral palsy in most 
cases (Volpe, 2001). Experimental models of hypoxic-ischemia in neonatal rats (Back et aLy 
2002; Levison et al, 2001) as well as studies of p>ediatric autopsies (Back et aL, 2001) have 
suggested that the late oligodendrocyte progenitors of the forebrain SV2 comprise the 
predominant cell population lost in perinatal ischemic injury. This is in accord with our 
understanding of the natural history of oligodendrogliogenesis in humans (Grever et aL, 
1999; Rakic and Zecevic, 2003; Zhang et aL, 2000), the developmental window for which 
corresponds to the period of ischemic vulnerability of the periventricular white matter. 



Congenital leukodystrophies include an ever-expanding group of inherited diseases of 
myelin synthesis and metabolism. Although a diverse group, these may roughly be divided 
into lysosomal storage diseases, such as Krabbe's globoid cell leukodystrophy (Wenger et 
aL, 2000) and Tay Sachs diseases (Gravel et a/., 1991); disorders of myelin synthesis, such 
as Peiizaeus-Merbacher disease (PMD) (Koeppen and Robiiaille, 2002); and metabolic 
deficiencies leading to toxic demyelination, such as Canavan's disease (Matalon and 
Michals-Matalon, 2000), Each of these disease categories is attended by extensive white 
matter involvement and clinical leukoencephalopathy. typically leading to severe neuro- 
logical disability and death. As a group, the clinical leukodystrophies represent especially 
attractive targets for progenitor cell-based therapy, since the restoration of healthy oligo- 
dendrocytes in early perinatal development may be sufficient to permit myelination and 
hence to slow or prevent the development of the disease phenotype. In addition, effective 
murine models of these diseases are available (Werner et aJ., 1998), Inherited diseases of the 
PL? and MBP genes are modeled by twitcher (Mikoshiba et al., 1985; Ybsfmriura et aL, 
1989) and shiverer mice (Roach et aL, 1985), respectively. In addition, mutations of 
hexoseaminidase-B, modeling Sandhoff*s and Tay-Sachs diseases (Kolter and Sandhoff, 
1998), and aspartoacylase, mimicking Canavan's disease (Matalon et aL, 2000), have been 
similarly employed. The availability of such genetically precise models of the childhood 
leukodystrophies is already greatly accelerating the process of developing experimental 
treatment strategies for these disorders. 

Acquired Demyelination 

In adults, the diseases of acquired demyelination include later-onset leukodystrophies, 
such as metachromatic leukodystrophy and adrenoleukodystrophy, as well as vascular, 
in^ammatory, and nutritional demyelinating syndromes (B|aumann and Turpin, 2000; 
Berger et aL, 2001; Desmond, 2002; Dichgans, 2002). The vascular demyelmations include 
hypertensive and diabetic leukoencephalopathies, which may both be diie to chronic 
oligodendrocytic ischemic hypoxia (Dewar et aL, 1999; Leys et aL, 1999). Subcortical 
strokes, particularly those within the distributions of the forebrain lenticulbstriate and 
thalamogeniculate arterial territories, are also prominent causes of vascular demyelination 
(Dichgans, 2002). The inflammatory demyelinations include multiple sclerosis, transverse 
myelitis (Kerr and Ayetey, 2002), optic neuritis (Cree et aL, 2002; Eggenberger, 2001), and 
less commonly Schilder's leukoencephalitis (Kotil eiaL, 2002), as well as postvaccinia! (An 
et aL, 2002; Konstantinou et al., 2001) and postinfectious leukoencephalitis (Kleinschmidt- 
DeMasters and Gilden, 2001; Rust, 2000). All of these syndroms of acquired demye- 
lination are potential targets of therapeutic remyelination. Yet most attempts at cell-based 
remyelination in experimental animals have been made using acute chem 
insults, such as lysoledthin. In contrast to the availability of effective animal models of 
congenital dysmyelination, the study of acquired demyelination has suffereii from its lack 
of biologically appropriate, clinically reflective animal models. As a result, few adequate 
studies of cell-based remyelination of acquired, adult demyelinating lesions have been 
reported using any cellular vector. Those studies that have reported oligodendrocytic 
maturation and myelination by implanted oligodendrocyte progenitors have typicaHy 
failed to demonstrate substantial axonal ensheathment, though this has likely reflected 
the loss of competent axons in these models, rather than any insufficiency on the part of the 
implanted progenitor cells. Indeed, the etiological complexity and manifold sequelae of 
demyelination in the adtiit brain argues against easy therapeutic intervention. As such, 
until improved models of acquired demyelinating disease are available, pro^^ss in cell- 
based therapy of adult demyelinating diseases will be necessarily slow. In contrast, the 
arguably simpler etiologies of congenital dysmyelination, their frequent lack of association 
with underiying systemic disease, and the persistent structural plasticity of the perinatal 
brain, together with the many effective animal models for congenital dysmyelination, 
collaborate to make these diseases attractive targets for near-term intervention, both 
experimentally and clinically. Indeed, we may reasonably except the congenital leukody- 
strophies to be especially promising targets for cell-based therapeutic remyelination. 
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